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ABSTRACT 
Nitrate contamination to groundwater and surface water is a serious problem in areas 
with high agricultural production due to over application of fertilizers. There is a need for 
alternative technologies to reduce nutrient runoff without compromising yield. Carbon 
nanoparticles have adsorptive properties and have shown to improve germination and 
yield of a variety of crops. Graphite nanoparticles (CNP) were studied under a variety of 
different fertilizer conditions to grow lettuce for the three seasons of summer, fall, and 
winter. The aim of this thesis was to quantify the effect of CNPs on nitrate leaching and 
lettuce growth. This was accomplished by measuring the lettuce leaf yield, formulating a 
nutrient balance using the leachate, plant tissue, and soil data, and changing the hydraulic 
conductivity of the soil to assess the effect on nutrient mobility. summer and fall 
experiments used Arizona soil with different amounts of nitrogen, phosphorus, and 
potassium (NPK) fertilizer being applied to the soil with and without CNPs. The winter 
experiments used three different soil blends of Arizona soil, Arizona soil blended with 
30% sand, and Arizona soil blended with 70% sand with a constant fertilizer treatment of 
30% NPK with and without CNPs. The results showed that the 70% NPK with CNP 
treatment was best at reducing the amount of nitrate leached while having little to no 
compromise in yield. The winter experiments showed that the effectiveness of CNPs in 
reducing nitrate leaching and enhancing yield, improved with the higher the hydraulic 
conductivity of the soil. 
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 CHAPTER 1 
INTRODUCTION 
 
Agriculture and eutrophication have an integrated relationship and play an 
important role in the health of the biosphere. Sufficient amounts of macro and micro 
nutrients are necessary for proper crop growth. Due to a plant’s low nutrient uptake 
efficiency, fertilizers tend to be over applied, such as in California lettuce production, to 
ensure proper growth (T.K. Hartz, Bendixen, & Wierdsma, 2000; Timothy K. Hartz, 
Johnstone, Williams, & Smith, 2007). The constantly growing global population 
increases our dependence on nutrient inputs to meet the food demand. Agricultural runoff 
adds nitrogen and phosphorus to fresh water sources and infiltrates groundwater, in turn 
can contribute to hypoxic zones such as the dead zone in the Gulf of Mexico. Streams in 
the United States showed denitrification was only able to remove an average of 16% of 
the nitrogen loaded (Mulholland et al., 2008).  
These issues caused nitrate contamination in many surface and groundwater. For 
example, in the Salinas Valley, California, which has been a motivation for this thesis. 
The Salinas Valley grows 61% of the annual national leaf lettuce produced with over 
369,180 acres being used to produce a variety of crops (Monterey). Nitrate contaminated 
groundwater is one of the major issues facing the Salinas Valley watershed with 
agricultural fertilizer and animal waste being the largest contribution (Harter & Lund, 
2012). Over 250,000 people are at risk of nitrate contamination to their drinking water in 
which croplands have contributed 90% of the nitrate groundwater loading (Harter & 
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Lund, 2012). In addition, the Salinas River discharges into Monterey Bay, which is an 
important ecosystem for the area.  
Solutions to reduce nutrient impacts on water bodies 
Nitrogen, phosphorus, and potassium play essential roles in plant growth such as 
in the creation of amino acids, enzymatic reactions, energy storage, formation of genetic 
structures, and enzyme activators (Uchida, 2000) leaching coupled with the energy 
intensive process of fertilizer production and minimal phosphorus reserves has promoted 
the use of alternative methods and technologies to enhance plant growth while reducing 
nutrient inputs.  
Best management practices for agricultural land are slowly being implemented to 
help reduce the issues of nutrient runoff. Installing detention basins, constructed 
wetlands, vegetative swales, and bioretention facilities are a few of the technologies 
being installed to help slow down the water runoff. The idea behind these technologies is 
to allow the nutrients to biologically degrade before reaching surface and ground waters 
(Manuel, 2014). Constructed wetlands have been implemented in a variety of agricultural 
settings to reduce nitrogen runoff up to 55%; however, these typically require a 
significant amount of land to construct and multiple staged wetlands for successful 
removal (Vymazal, 2007). Other management techniques such as cover crops, plant 
buffers surrounding the fields, and conservation tillage have also been implemented. 
Current best management practices can require a combination of multiple techniques to 
be effective and can drastically range in the reduction of nutrient leaching. However, 
nanotechnology is an alternative technology that can allow potentially allow for 
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improved yields while also reducing the amount of nutrient leaching. Nanotechnology 
does not require additional land and can be applied to the soil with the fertilizer.    
Nanotechnology has been investigated as both a nanofertilizer and nanomaterial 
enhanced fertilizer for the improvement of crop growth, nutrient uptake, and seed 
germination. A nanofertilizer supplies at least one nutrient to the plant and is in the size 
range of 1 to 100 nm (R. Q. Liu & Lal, 2015). The focus of this thesis is on nanomaterials 
to enhance fertilizer effectiveness. Nanomaterials are different from bulk material in both 
physical and chemical properties with different surface effects occurring due to their 
large surface to volume ratio (Roduner, 2006; Rossi et al., 2014). The effects of a 
nanoparticle will vary depending on the growth stage of the plant, method of 
nanomaterial application, exposure time and concentration, the physical and chemical 
composition of the nanoparticle and its aggregation and solubility tendencies (Aslani et 
al., 2014). Potential mechanisms behind nanoparticles enhancement of crop growth 
include, carbon nanotubes forming an aligned network in the vascular tissue that 
enhanced water uptake, overexpression of aquaporins that promote water uptake, 
nanoparticles acting as a stressor which causes increased cell division, production of 
water channel proteins, and increased expression in protein production (Mariya V. 
Khodakovskaya, de Silva, Biris, Dervishi, & Villagarcia, 2012; Lahiani et al., 2015; 
Sonkar, Roy, Babar, & Sarkar, 2012; Tripathi, Sonkar, & Sarkar, 2011). Carbon 
nanomaterials may be taken up by the plant by entering the plant roots through osmotic 
pressure, capillary forces, and pores in cell walls to a concertation gradient of 
nanoparticles with plant continuum and hydrophobic interactions of the nanoparticle and 
layers between plant cells (Kole et al., 2013; S. J. Lin et al., 2009). The uptake is 
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typically dependent on the type of plant, chemical composition, and size of the 
nanomaterial (Aslani et al., 2014). If a nanomaterial can enhance plant growth while 
allowing reduced fertilizer application due to improved nutrient uptake, this would have 
tremendous implications on fertilizer use and contamination from nutrient leaching. 
Carbon nanoparticles have been applied to plants to study their influence on 
biological parameters and nanoparticle uptake in different crops, resulting in both 
positive and negative effects on crops and soil microbes. Carbon nanotubes (CNTs) have 
been one of the most widely studied nanomaterials in agriculture and have shown 
positive effects using short exposure times in a growth medium for crops such as tobacco, 
maize, cotton, wheat, and alfalfa (Mariya V. Khodakovskaya et al., 2012; Sawant, 2016; 
Tiwari et al., 2014) (Miralles, Johnson, Church, & Harris, 2012).  The multi-walled 
carbon nanotubes (MWCNT) enhanced cell growth in tobacco, promoted germination 
and growth at low concentrations in maize, and increased germination and root 
elongation in alfalfa and wheat. However, there are many contradicting studies that have 
shown CNTs to have toxic effects on both the plant and soil microbes. They have caused 
flowering delay in rice plants and the stunted growth in spinach, lettuce, and tomato 
plants (Begum, Ikhtiari, & Fugetsu, 2011; Cañas et al., 2008; C. Lin, Fugetsu, Su, & 
Watari, 2009). Carbon nanotubes have also shown negative effects on soil 
microorganisms by way of four proposed mechanisms: membrane integrity disruption, 
reactive oxygen species interacting with organelles or inducing DNA damage/protein 
inactivation, impurity toxicity, and bacterial agglomeration (Jackson et al., 2013). In 
some cases the CNTs have both a positive and negative effect on different 
microorganisms, increasing Bacteroidetes and Firmicutes groups but decreasing 
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Proteobacteria and Verrucomicorbia (Mariya V Khodakovskaya et al., 2013). Jin et al., 
found that both single and multi-walled nanotubes lowered most enzyme activity and 
microbial biomass, but SWCNTs were more toxic at lower concentrations (Jin et al., 
2013). 
A range of other carbon nanoparticles have been studied include fullerene, 
fullerol, graphene carbon nanohorns, and carbon nano-onions. De la Torre-Roche et al., 
found no significant difference in biomass of zucchini and tomato growth when applying 
C60 fullerenes except at 1,000 mg/kg there was a reduction in tomato biomass. It was also 
observed that corn and soybean exposed to fullerenes had stunted growth (De La Torre-
Roche et al., 2012). Negative effects on Arabidopsis growth and roots was observed with 
water soluble fullerene C70 revealing a disruption in cell division, mitochondrial activity, 
and microtubule organization (Q. Liu et al., 2010). In experiments with cabbage, tomato 
and red spinach, graphene inhibited growth due to oxidative stress necrosis and 
membrane damage, fragmented nuclei, and mitochondrial disruption occurred in 
Arabidopsis studies (Begum & Fugetsu, 2013; Begum et al., 2011). On the other hand, 
fullerol had a positive effect on the yield, water content, and phytomedicine content of 
bitter melon (Kole et al., 2013). This trend was also observed with carbon nanohorns and 
nano-onions in which there was increased growth and germination for corn, tomato, rice, 
soybean, and gram plants (Lahiani et al., 2015; Sonkar et al., 2012). The effects of 
nanoparticles is dependent on the properties of the nanoparticle, concentration of 
nanoparticle applied, and crop as seen from the variation of results between crops and 
nanomaterials. 
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However, there is limited work on the effects of carbon nanoparticles on plant 
yield in conjunction with its effect on nutrient leaching and uptake. It is necessary to 
investigate if nanomaterials can reduce nutrient runoff, considering nutrient leaching is a 
major issue from agricultural lands. Additionally, limited research comparing the 
nanomaterial to bulk mineral fertilizer. There have been no studies to the authors’ 
knowledge that have looked into a nutrient balance and yield comparing bulk fertilizers 
to bulk fertilizer combined with nanomaterials. Many studies have investigated crop 
growth when applying carbon nanoparticles to seeds in artificial growth medium such as 
Murashige and Skoog (MS), but there are few experiments using soil and even fewer that 
allow the crop to grow for the full harvest period.   
Goals and Objectives 
No studies have looked at the effect of graphite nanoparticles in a soil matrix, 
with only a few studies investigating fullerene, fullerol, carbon nano-onions, and CNTs in 
soil matrices (Kole et al., 2013; Sawant, 2016; Saxena, Maity, & Sarkar, 2014; Sonkar et 
al., 2012). No work exists with lettuce on Arizona soils on the effects of graphite 
nanomaterials on nutrient leaching. Due to the success of biochar and carbonaceous 
nanomaterials in enhancing crop growth and reducing nutrient leaching, I hypothesize the 
graphite carbon nanomaterials allow for comparable lettuce yields to bulk fertilizer while 
reducing the amount of nutrients being leached. The goal is to quantify the effect of 
carbon nanoparticles on nitrate leaching and lettuce growth using local soil as the growth 
medium. The specific objectives are (1) determine the effect of carbon nanoparticles on 
lettuce yield, (2) use a nutrient balance to identify if nanoparticles impact nutrient uptake 
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and leaching, (3) assess the effect of increased hydraulic conductivity on nutrient 
mobility.  
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CHAPTER 2 
MATERIALS AND METHODS 
 
This chapter describes methods to grow lettuce plants in the presence of carbon 
nanoparticles to understand their effect on growth, nutrient uptake and leaching. The 
chapter details how the pots were configured in a randomized block design for each 
growing season (summer, fall, winter) in an ASU greenhouse, and the fertilizer 
treatments used, soil types, and data analysis methods. The irrigation setup and leachate 
collection methods are described in detail using images and schematics. 
2.1 Planting Materials and Sensors  
Lettuce seeds (Lactuca sativa, var. Green Towers) (High Mowing Organic Seeds, 
City, State) were planted on June, 13, 2017, September 8, 2017, and January 19, 2018 for 
summer, fall, and winter experiments in 7.5 L plastic terra cotta pots (Table 2.1). The 
pots were placed within a greenhouse located on the campus of Arizona State University, 
Life Science D Building (33°25̍ 12.3̎ N and 111°55̍ 58.4̎ W) (Figure 2.1) with 23 cm 
between plants to meet typical field spacing guidelines. The greenhouse air conditioning 
unit was set at 24°C to fall within optimum temperature ranges for lettuce growth 
(Seginer, Shina, Albright, & Marsh, 1991). The greenhouse temperature and relative 
humidity measurements were recorded every minute (Onset HOBO UX 100-003) with 
averages for each month found in Table S1 in Appendix A. Photosynthetic active 
radiation (PAR) was measured continuously (10 second sample and a recorded average 
taken every five minutes) using a Campbell Scientific CR1000 datalogger (Figures 
S1,S3, and S5 in Appendix B). The PAR graphs were supplemented with graphs of 
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maximum daily solar radiation, generated from the Tempe Town Lake weather station for 
summer and fall growing seasons, due to maintenance on the PAR sensor that caused 
missing sensor data (Figures S2 and S4 in Appendix B).  
Table 2.1. The cultivation period and purpose of experiments for each season  
Season Start Date Harvest Date Purpose of 
Experiment 
Summer June 13
th
, 2017 August 3
rd
, 2017 Proof of concept 
Fall September 8
th
, 2017 November 29
th
, 2017 Vary fertilizer dose 
Winter January 19
th
, 2018 
Transplanted 
February 9
th
, 2018 
April 10
th
, 2018 Vary soil Properties 
 
Figure 2.1. Setup of pots and irrigation system in the greenhouse 
Pots were lined with fiberglass mesh (Saint-Gobain ADFORS) followed by 0.6 kg 
of gravel to filter soil from the leachate (Figure 2.2). Each pot received 3.3 kg of dry soil 
that was sieved using a U.S. Standard Sieve Series No. 10 (2000-micron mesh) to allow 
for a more homogenous soil composition. Soil was saturated prior to planting then 
fertilizer was applied as a liquid to the soil surface. Four seeds were placed per pot in 
10 
summer, ten seeds in fall, and one transplant in winter were placed in each pot. Due to 
germination issues, seeds for the winter experiment were grown in perlite and then 
transplanted one plant per pot on February 9
th
, 2018. In the summer and fall experiments, 
seeds were thinned to one seedling per pot approximately 10 days after planting, when 
the true leaves had developed.  
 
Figure 2.2. Method for applying soil to pots. The left hand side is the fiberglass mesh at 
the bottom followed by 0.6 kg of small gravel and then 3.3 kg of dry soil. 
2.2 Plant Irrigation, Analysis, and Harvesting  
Each lettuce plant was irrigated using a poly tubing drip irrigation system (Figure 
2.3). One Rain bird emitter (3.79 L h
-1
) per pot was placed on the top of the soil. Tap 
water was used to irrigate the plants. The plants were irrigated at 7:00 and 15:00 for 1-2 
minutes depending on the water demand. The irrigation duration time was determined 
experimentally to allow the soil to become sufficiently saturated near the root zone and 
generate leachate. 
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One week after planting, plant height and head diameter measurements were 
taken on each plant weekly until harvesting. Between seven to eight weeks the lettuce 
was harvested and the wet and dry weight of the leaf and fully extracted root mass was 
recorded. The roots were rinsed thoroughly to reduce attached soil mass and the root 
length was measured. All tissue samples were dried at 60°C for one week. Tissue 
samples were then ground on a Thomas Scientific 3383-L10 Wiley Mill and send to 
Waters Agricultural Lab for nutrient analysis. 
 
Figure 2.3. Irrigation setup. The photos are described from left to right: the 5/8 inch 
polyethylene distribution tubing connected to the ¼-inch soaker tubing that goes to each 
pot, the Rain drip emitter, over view of irrigation setup without pots in place. 
2.3 Carbon Nanoparticle Preparation and Characterization 
This experiment used amorphous graphite nanoparticles obtained from the 
Hualong Fertilizer Technology Company. An electrochemical exfoliation process was 
used to produce the nanoparticles in which an electric pulse of 3-5 V is run through an 
inert cathode and a pure graphite anode in an electrolyte solution (J. Liu, 2003). This 
produced a nano graphite-based sol which was precipitated using lignin sulfonate and 
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spray dried creating particles primarily in the range of 15-20 nm with some larger 
particles between 100-200 nm (J. Liu, 2003; Song, Pandorf, Westerhoff, & Ma, 2018). 
Nanoparticles were characterized using transmission electron microscopy (Philips 
CM200-FEG TEM) for size and shape in combination with energy dispersive 
spectroscopy (EDS) elemental mapping for composition (JEOL 2010 FEG TEM). These 
analysis were coupled with a carbon nitrogen analyzer (PE2400) and nitrogen 
adsorption–desorption using a Tristar II 3020 to further determine the composition and 
surface characteristics. The Brunauer–Emmett–Teller (BET) equation was used to 
determine surface area and Barrett–Joyner–Halenda (BJH) methodology for pore size and 
volume.  
2.4 Fertilizer Treatments 
Fertilizer treatments were configured in a randomized complete block design, 
each treatment appears only once within a block, and application rates are listed in Table 
2.2. Microsoft Excel was used to randomize the treatments within each block by 
assigning each treatment a letter and random number (using the random number function) 
and then sorting the numbers and assigning each treatment to a row within the block 
(Grant, 2010). Nutrients were supplied in granular form and consisted of a macronutrient 
blend of nitrogen, phosphorus, and potassium (NPK) in the form of Ammonium Nitrate 
(34-0-0) from ESKS, Triple Superphosphate (monocalcium phosphate) (0-45-0), and 
Muriate Potash (potassium chloride) (0-0-60) both from Fertizona, Casa Grande, AZ. 
Micronutrients were in the form of zinc sulfate, supplied from Fertizona, Casa Grande, 
AZ and applied separately to prevent potential precipitation with the NPK fertilizer.  
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All fertilizer application rates were based on the Lettuce Production in California 
guide and applied proportionally to each pot based on the recommended rates (Smith, 
Cahn, Daugovish, & Koike, 2011). The recommended rates of nitrogen, phosphorus 
(P2O5), potassium (K2O), and Zinc Sulfate used were: 196 kg N/ha (175 lbs/acre), 67 kg 
P2O5 kg/ha (60 lbs/acre), 135 kg K2O/ha (120 lbs/acre), 3.4 kg ZnS/ha (3 lbs/acre). 
Carbon nanoparticles (CNP) were made using an electrochemical exfoliation process 
produced by the Hualong Fertilizer Technology Company, and are primarily composed of 
graphite. The CNPs were applied to all treatments with a +CNP in the treatment name. 
Fertilizer blends were applied as a liquid by dissolving the appropriate amount of 
granular fertilizer into tap water. The CNPs were dosed at 3000 mg CNP/kg fertilizer and 
combined with the nutrient blends followed by sonication and stirring.   
The required amount of nutrients per treatment (six pots for summer and four pots 
for fall and winter) were dissolved into tap water and then sonicated and stirred on a stir 
plate for 30 minutes each. The dissolved nutrient solution was then constantly stirred to 
maintain homogeneity and distributed into centrifuge tubes per pot. The contents of the 
centrifuge tubes were poured onto the soil surface of each pot. The tube was rinsed with 
water to remove any residual nutrients/CNPs and added to the pots. The nutrients were 
split into two doses over the growing period, with one dose applied when seeds were 
planted and one dose mid-way through the growing period.  
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Table 2.2. Nutrient application rates for nitrogen, phosphorus, potassium, and carbon 
nanoparticles (CNP) for the summer, fall, and winter growing seasons. Fertilizer 
(nutrients) and nanoparticle doses are in kg/ha. Number of replicates is how many 
replicates per treatment successfully grew. 
Season Treatment 
Name 
N 
Added 
P2O5 
Added 
K2O 
Added 
CNP 
Added 
Number 
of 
Replicates 
  kg/ha kg/ha kg/ha kg/ha  
Summer NT 0 0 0 0 6 
Summer CNP 0 0 0 2.85 6 
Summer 100NPK 196 67 135 0 4 
Summer 100NPK+CNP 196 67 135 2.85 3 
Summer 70NPK+CNP 137 47 94 2.00 6 
Fall NT 0 0 0 0 3 
Fall CNP 0 0 0 2.85 4 
Fall 100NPK 196 67 135 0 2 
Fall 100NPK+CNP 196 67 135 2.85 3 
Fall 70NPK 137 47 94 0 3 
Fall 70NPK+CNP 137 47 94 2.00 2 
Fall 50NPK 98 34 68 0 3 
Fall 50NPK+CNP 98 34 68 1.44 3 
Fall 30NPK 59 20 41 0 4 
Fall 30NPK+CNP 59 20 41 0.85 1 
Fall BM 0 0 0 2.85 2 
Fall BC 0 0 0 3.56 2 
Fall  50NPK+BM 98 34 68 1.44 2 
Fall 50PK+BC 98 34 68 1.78 2 
Winter CNP
1 
0 0 0 085 4 
Winter 30NPK
2 
59 20 41 0 4 
Winter 30NPK+CNP 59 20 41 0.85 4 
1
All CNP doses had four replicates except CNP 30S had three due to one plant dying 
mid-growing season 
2
All 30NPK doses had four replicates except 30NPK 30S had three due to one plant 
dying mid-growing season. 
2.4.1 Summer Experiment  
There were five nutrient treatments replicated six times in the summer experiment 
(Figure 2.4). Additionally, the end of each column had a pot containing soil that was only 
irrigated (NPNT) to ensure irrigation standards were met and to assess the nutrient 
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concentration leaching naturally out of the soil. The treatments were as follows: A) no 
fertilizer control (NT), B) carbon nanoparticles only (CNP), C) mineral fertilizer only 
(NPK), D) mineral fertilizer combined with carbon nanoparticles (NPK+CNP), and E) 
70% mineral fertilizer combined with carbon nanoparticles (70NPK+CNP). The 
70NPK+CNP treatment received only 70% of the recommended fertilizer dose. The CNP 
only dose received the same amount of carbon nanoparticles as treatment D. 
  
Figure 2.4. Summer treatment pot configuration. The Randomized Complete Block 
Design is oriented as rows from left to right meaning that each block contains one 
replicate of each treatment. 
2.4.2 Fall Experiment  
Ten fertilizer treatments each replicated four times configured in a randomized 
complete block design were used in the fall experiments (Figure 2.5). Additionally, eight 
pots in one column had a biochar application with two biochar only doses and two 
biochar combined with 50% of the recommended NPK fertilizer. However, the biochar 
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data was used as preliminary data and not included in this thesis. The treatments were as 
follows: A) no fertilizer control (NT), B) carbon nanoparticles only (CNP), C) mineral 
fertilizer only (100NPK), D) mineral fertilizer combined with carbon nanoparticles 
(100NPK+CNP), E) 70% of recommended mineral fertilizer (70NPK),  F) 70% of 
recommended mineral fertilizer combined with carbon nanoparticles (70NPK+CNP) G) 
50% of recommended mineral fertilizer (50NPK), H) 50% of recommended mineral 
fertilizer combined with carbon nanoparticles (50NPK+CNP), I) 30% of recommended 
mineral fertilizer (30NPK). J) 30% of recommended mineral fertilizer combined with 
carbon nanoparticles (30NPK+CNP), K) biochar only matching the same mass of CNP 
added in treatment B (BM), L) biochar only matching the carbon content of the CNP 
added in treatment B (BC), M) 50% of recommended mineral fertilizer combined with 
biochar by mass (50NPK+BM), N) 50% of recommended mineral fertilizer combined 
with biochar by carbon content (50NPK+BC). The 70NPK+CNP, 50NPK+CNP, and 
30NPK+CNP treatments received 30%, 50%, and 70% less nutrients and nanoparticles 
than treatment D, respectively. The CNP only dose received the same amount of carbon 
nanoparticles as treatment D. There were germination issues for over half of the pots; 
therefore, all pots that did not germinate received one transplanted lettuce plant three 
weeks after initial seeding. Plants that were transplanted were staggered by three weeks 
(harvest 2) from the initial seedlings (harvest 1) and were harvested three weeks later 
than the plants that germinated initially. Due to unforeseen greenhouse maintenance, 
harvest 1 plant were all grown and harvested in the same greenhouse; however, harvest 2 
plants were moved to another greenhouse for the final three weeks of their growing cycle. 
No effect on yield was observed between harvest 1 and harvest 2 plants.  
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Figure 2.5. Fall treatment pot configuration. The Randomized Complete Block Design is 
oriented as vertical columns meaning that each block contains one replicate of each 
treatment. 
2.4.3 Winter Experiment  
The winter experiment consisted of twelve different fertilizer treatments in a 
randomized complete block design (Figure 2.6). Three different soil types of local 
Arizona soil (AZ), Arizona soil blended with 30% sand by dry weight (30S), and Arizona 
soil blended with 70% sand by dry weight (70S). The sand was dried and sieved through 
a 2000 micron mesh before blending with the Arizona soil (DecoRock Paver Sand). A 
30% of the recommended nutrient requirements was used for the mineral fertilizer dose. 
Therefore, the winter fertilizer treatments were as follows A) no treatment with Arizona 
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soil (NT AZ), B) no treatment with Arizona soil blended with 30% sand (NT 30S), C) no 
treatment with Arizona soil blended with 70% sand (NT 70S), D) carbon nanoparticles 
only with Arizona soil (CNP AZ), E) carbon nanoparticles only with Arizona soil 
blended with 30% sand (CNP 30S), F) carbon nanoparticles only with Arizona soil 
blended with 70% sand (CNP 70S), G) 30% of recommended mineral fertilizer in 
Arizona soil (30NPK AZ), H) 30% of recommended mineral fertilizer combined with 
CNP in Arizona soil (30NPK+CNP AZ), I) 30% of recommended mineral fertilizer in 
30% sand blend (30NPK 30S), J) 30% of recommended mineral fertilizer combined with 
CNP in 30% sand blend (30NPK+CNP 30S), K) 30% of recommended mineral fertilizer 
in 70% sand blend (30NPK 70S), and L) 30% of recommended mineral fertilizer 
combined with CNP in 70% sand blend (30NP + CNP 70S). 
 
Figure 2.6. Winter treatment pot configuration. The Randomized Complete Block Design 
is oriented as vertical columns meaning that each block contains one replicate of each 
treatment. 
AZ 
70S 
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2.5 Soil Types   
Local Arizona soil was used in all the experiments and was collected from the 
Maricopa Agricultural Center (33°04̍ 22̎ N, 111° 58̍ 26.5̎ W). For the winter experiment, 
two additional soil blends were created by blending the Arizona soil with sand to make a 
30% (30S) and 70% (70S) by dry weight blend. This was done in order to test if 
improved drainage of the local soil can improve nutrient and CNP transport. The soil was 
characterized as a Casa Grande clay loam composed of 34.7 % sand, 32.8 % silt, and 
32.5% clay using the United States Geological Survey (USGS) Web Soil survey. The 
saturated hydraulic conductivity for each soil type was determined using a UMS KSAT 
instrument following the standard operating procedure from the UMS Operation Manual 
KSAT. The saturated hydraulic conductivity (ksat) for Arizona soil, Arizona soil blended 
with 30% sand, and Arizona soil blended with 70% was 4.62·10-6 m/s, 5.23·10-6 m/s, and 
3.35·10-5 m/s, respectively. The KSAT uses constant head measurements to calculate the 
saturated hydraulic conductivity using Darcy’s Law. A Meter HYPROP 2 device was 
used to obtain soil moisture release curves for the Arizona soil and Arizona soil blended 
with 70% sand, Figures 2.2-2.3 in Appendix B. A general pre-planting soil sample was 
taken for each soil type to determine the initial composition of the soil (Table 2.3). A 15 
cm tubular soil sampler was used to take ten to twelve soil cores from each pot post 
harvesting. Mehlich III extraction solution was used on all soil samples and analysis was 
conducted by Waters Agricultural Laboratories in Camilla, Georgia.  
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Table 2.3. Summary of initial soil composition before planting, all elements are in mg/kg 
and CEC is in meq/100 g.  
Soil 
Type 
P K Mg Ca Zn Mn Cu Fe B TKN NO3 pH CEC Organic 
Matter 
AZ
1
 60.5 484 360.5 5210 3.50 159 3.35 40 2.93 1000 6.0 8.40 31.5 0.54% 
30S 66.0 484 401 5300 3.80 177 3.55 42 3.10 600 25 8.50 32.7  
70S 54.0 176 253 2350 1.45 73 1.50 41 1.25 400 12 8.90 15.1  
1Organic matter was only measured for the Arizona soil sample 
2.6 Lysimeter setup and measurements  
Lysimeters were used to collect the leachate from the bottom of each pot. The 
lysimeters were constructed by placing a funnel at the bottom of each pot that flowed into 
a leachate collection reservoir (Figure 2.7). A 5/8 inch hole was drilled into the lid of 
each collection reservoir to ensure a tight fit of the funnel and minimize evaporation 
losses. Leachate was collected bi-weekly or as needed and the volume collected from 
each pot was measured and a representative sample collected. Conductivity and pH was 
measured using an Oakton ECTestr 11+ meter and Oakton pHTestr 30 meter. Both 
probes were calibrated weekly prior to leachate collection. Leachate was then filtered 
using a 0.2 µm Nylon membrane filter and analyzed for K
+
, NH4
+
, Na
+
, Ca
2+
, Mg
2+
, Cl
-
, 
NO3
-
, SO4
2-
, PO4
3-  
concentrations.  
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Figure 2.7. Leachate Collection Setup. The water flows from the pot through the funnel 
into the collection reservoir. The pot is elevated on wooden blocks to provide enough 
room for the funnel. 
2.7 Analytical Methods 
Plant tissue was dried, ground and sent to Waters Agricultural Labs Inc for 
nutrient analysis of total nitrogen (TN), total phosphorus, potassium, magnesium, 
calcium, sulfur, boron, and zinc (Table 2.4). The soil composition was digested using the 
Mehlich 3 acid extraction method by Waters Agricultural Labs Inc and analyzed for 
phosphorus, zinc, manganese, potassium, magnesium, and calcium. Total Kjeldahl 
Nitrogen (TKN) and nitrate concentration along with soil pH and cation exchange 
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capacity (CEC) were also performed on soil samples (Table 2.4). Cations and anions in 
the leachate aqueous solutions were measured at Arizona State University on an ion 
chromatograph (Dionex ICS-5000 DC) equipped with an IONPAC column AS18 for 
anion and CS12-A for cation (Table 2.4). Each sample was double injected and run with 
quality control checks for precision and accuracy. Surface thickness was analyzed by 
atomic force microscopy (AFM) with a Bruker MultiMode 8 AFM (Bruker, Billerica, 
MA). The topographical images were taken in peak force tapping mode with NCHV 
cantilevers with a spring constant of 42 N/m (Bruker, Camarillo, CA). Image analysis 
was done using the Nanoscope Analysis version 1.7 software.  
Table 2.4. Summary of analysis methods and methodology 
Analyte Matrix Method Instrument Lab 
Nitrate Leachate EPA 300.1 Dionex ICS-5000 Arizona State 
University 
Phosphate Leachate EPA 300.1 Dionex ICS-5000 Arizona State 
University 
Chloride Leachate EPA 300.1 Dionex ICS-5000 Arizona State 
University 
Sulfate Leachate EPA 300.1 Dionex ICS-5000 Arizona State 
University 
Sodium Leachate ASTM 
D6919-03 
Dionex ICS-5000 Arizona State 
University 
Ammonium Leachate ASTM 
D6919-03 
Dionex ICS-5000 Arizona State 
University 
Potassium Leachate ASTM 
D6919-03 
Dionex ICS-5000 Arizona State 
University 
Magnesium Leachate ASTM 
D6919-03 
Dionex ICS-5000 Arizona State 
University 
Calcium Leachate ASTM 
D6919-03 
Dionex ICS-5000 Arizona State 
University 
Phosphorus Soil Mehlich 3 
acid 
extraction 
iCAP TQ ICP-
MS 
Waters Agricultural 
Labs Inc 
Camilla, GA 
Zinc Soil Mehlich 3 
acid 
extraction 
iCAP TQ ICP-
MS 
Waters Agricultural 
Labs Inc 
Camilla, GA 
Manganese Soil Mehlich 3 iCAP TQ ICP- Waters Agricultural 
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acid 
extraction 
MS Labs Inc 
Camilla, GA 
Potassium Soil Mehlich 3 
acid 
extraction 
iCAP TQ ICP-
MS 
Waters Agricultural 
Labs Inc 
Camilla, GA 
Magnesium Soil Mehlich 3 
acid 
extraction 
iCAP TQ ICP-
MS 
Waters Agricultural 
Labs Inc 
Camilla, GA 
Calcium  Soil Mehlich 3 
acid 
extraction 
iCAP TQ ICP-
MS 
Waters Agricultural 
Labs Inc 
Camilla, GA 
TKN Soil   Waters Agricultural 
Labs Inc 
Camilla, GA 
Nitrate Soil KCL-
Cadmium 
Reduction 
Flow injection 
analysis 
Waters Agricultural 
Labs Inc 
Camilla, GA 
pH Soil  Hydrogen probe Waters Agricultural 
Labs Inc 
Camilla, GA 
CEC Soil   Waters Agricultural 
Labs Inc 
Camilla, GA 
TN Plant tissue  LECO Nitrogen 
Gas analyzer 
Waters Agricultural 
Labs Inc 
Camilla, GA 
Phosphorus Plant tissue Wet 
digestion 
Digi Block 
3000 
iCAP TQ ICP-
MS 
Waters Agricultural 
Labs Inc 
Camilla, GA 
Potassium Plant tissue Wet 
digestion 
Digi Block 
3000 
iCAP TQ ICP-
MS 
Waters Agricultural 
Labs Inc 
Camilla, GA 
Magnesium Plant tissue Wet 
digestion 
Digi Block 
3000 
iCAP TQ ICP-
MS 
Waters Agricultural 
Labs Inc 
Camilla, GA 
Calcium Plant tissue Wet 
digestion 
Digi Block 
3000 
iCAP TQ ICP-
MS 
Waters Agricultural 
Labs Inc 
Camilla, GA 
Sulfur Plant tissue Wet 
digestion 
Digi Block 
3000 
iCAP TQ ICP-
MS 
Waters Agricultural 
Labs Inc 
Camilla, GA 
24 
Boron Plant tissue Wet 
digestion 
Digi Block 
3000 
iCAP TQ ICP-
MS 
Waters Agricultural 
Labs Inc 
Camilla, GA 
Zinc Plant tissue Wet 
digestion 
Digi Block 
3000 
iCAP TQ ICP-
MS 
Waters Agricultural 
Labs Inc 
Camilla, GA 
2.8 Data Analysis   
Statistical analysis was conducted on lettuce yield for summer, fall, and winter 
experiments. There were five treatments in replicates of six for the summer experiment, 
ten treatments in replicates of four for the fall, and twelve treatments in replicates of four 
for the winter experiment. Data was analyzed using IMB SPSS 24.0 software. One-way 
ANOVA was used with treatment as the independent variable and yield as the dependent 
variable. A Welch correction was used on the summer data due to a violation in the 
assumption of homogeneity of variances. Post-hoc analysis using the Games-Howell test 
for the summer leaf yield was used for treatments considered significant using p < 0.10 as 
the confidence interval. The leaf yield for the fall and winter experiments was log 
transformed to a normal distribution to pass the Shapiro-Wilks test and Levene’s Test. A 
one-way ANOVA was conducted and a Tukey’s HSD post-hoc test was used (p < 0.10). 
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CHAPTER 3 
CARBON NANOMATERIAL BASED FERTILIZER CAN IMPROVE PLANT 
GROWTH
1
 
 
3.1 Introduction 
Nanotechnology is a field of applied sciences and technologies involving the control 
of matter on the atomic and molecular scale, normally below 100 nm. At the nanoscale, 
materials may exhibit different physical and chemical properties, such as increased 
chemical reactivities due to greater surface area. Nanotechnology enables the 
management of fertilizer components that can attribute to unique nutrient delivery 
techniques. Nanotechnology has often been used in the agriculture and food sectors, and 
a rich literature review encourages use of nanotechnology for increasing crop 
productivity through nano-pesticides, fertilizers, sensors, synergists, and nutrient 
transporters (Khot, Sankaran, Maja, Ehsani, & Schuster, 2012; Arnab Mukherjee et al., 
2016; Servin et al., 2015).   
In agriculture and horticulture, nanotechnology can improve crop yields and crop 
protection through better efficacy of pesticides, fertilizers, or other growth agents 
(Amenta et al., 2015; Gogos, Knauer, & Bucheli, 2012). In recent years, various 
researchers have studied the effects of nanomaterials on plant germination and growth—
either with the goal to promote its use in agricultural applications or concerns of their 
phytotoxicity and environmental issues (Abdel-Aziz, Hasaneen, & Omer, 2016; Barrena 
et al., 2009; DeRosa, Monreal, Schnitzer, Walsh, & Sultan, 2010; X. Ma, Geiser-Lee, 
                                                          
1
 Reproduced with permission from Song, G., Pandorf, M., Westerhoff, P., and Ma, Y. (2018) Carbon 
Nanomaterial-Based Fertilizer Can Improve Plant Growth. Nanotechnology Applications in the Food 
Industry (pp. 22-44): Taylor & Francis 
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Deng, & Kolmakov, 2010; Rui et al., 2016; P. Zhang et al., 2016). Positive and negative 
effects of these nanomaterials are reported for germination and plant growth with 
differences arising from different plant species and different doses and compositions of 
nanomaterials (Khot et al., 2012; Arnab Mukherjee et al., 2016, references therein). We 
acknowledge potential risks or adverse outcomes from adding nanomaterials to fertilizers 
may occur, including uptake and translocation of nanomaterials within plants and 
potential for environmental or ecological exposure through runoff. However, this book 
chapter focuses on the potential benefits for nanomaterials in fertilizers to improve plant 
growth, increase crop productivity, and/or promote nutrient absorption. Future research 
addressing these benefits should simultaneously address nanomaterial uptake into edible 
crops and fate in soils. 
3.1.1 Definition of nanomaterial 
Nanomaterials are differentiated according to their origin and size. The European 
Union (2011/696/ED) considers nanomaterials as a natural, incidental, or manufactured 
material where at least 50% of the particles in number size distribution in an unbound, 
aggregated, or agglomerated state are in the range of 1-100 nm in one or more external 
dimensions. Where warranted by concerns for the environment, health, safety, or 
competitiveness, the number size distribution threshold of 50% % may be replaced by a 
threshold between 1 and 50% (Rauscher et al., 2015). In the standard of ISO/TS 
18110:2015, a nanomaterial is defined as a material with any external dimensions in the 
nanoscale or having internal structure or surface structure in the nanoscale. The terms 
of engineered or manufactured nanomaterials are used for materials designed for a 
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specific purpose and function or intentionally produced with selected properties or 
composition. In the United States, nanomaterials are defined as having one dimension 
below 100 nm and exhibiting unique properties not present in larger-scale forms of the 
materials (USEPA, 2015). In the literature, nanomaterials are often described by their 
shapes, including nanospheres, nanowires, nanotubes, nanoreefs, nanonions, nanohorns, 
nanosheets, nanofibers, nanocups, and nanostars.  Within the context of this paper, we 
use nanomaterial instead of the more narrow classification of nanomaterial, which 
literature generally infers as being spherical.  Engineered nanomaterials can be grouped 
into four types:  
(1) Carbonaceous materials, usually including fullerenes, single-walled carbon 
nanotubes (SWCNT), multi-walled carbon nanotubes (MWCNTs), carbon nano-horns, 
and others (Isaacson, Kleber, & Field, 2009; Lahiani et al., 2015; Servin et al., 2015)  
(2) Metal-based materials such as quantum dots, nano Au, nano Ag, nano Zn, and 
nano Al, and nanoscale metal oxides such as TiO2, ZnO, CeO2, and Al2O3 (Elmer & 
White, 2016; Servin et al., 2015; Z. Zhang et al., 2011)  
(3) Dendrimers, which are nano-sized polymers built from branched units that can 
be tailored to perform specific chemical functions  
(4) Composites, which combine nanomaterials with other nanomaterials or with 
larger, bulk-type materials (Hasaneen, Abdel-Aziz, El-Bialy, & Omer, 2014; 
Rashidzadeh & Olad, 2014) 
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3.1.2 Nano agri-technology 
Nano agri-technology is the agriculture-based, application-oriented area of research 
involving the hybrid discipline of nanoscience and agri-technology. Manufacturers and 
researchers worldwide are currently researching and developing nanotechnology 
applications in areas such as fertilizers, plant regulators, and pest inhibitors to improve 
nutrient delivery and crop growth. Nanomaterials can also serve as “nano bullets” or 
“nano carriers”, containing herbicides, chemicals, or genes that target particular plant 
parts to release their contents (Abdel-Aziz et al., 2016; M.-Y. Wu, 2013). For example., 
nanocapsules can enable effective penetration through cuticles and tissues, allowing slow 
and constant release of active substances such as herbicides (Khot et al., 2012), and a 
plant rooting hormone synthesized nanomaterial such as silver nanoparticles (Ag
0
), can 
act as a root enhancer and pathogen destroyer to enhance root growth and increase the 
root absorption capabilities (Thangavelu et al., 2016). Nano-encapsulated slow release 
fertilizers have been developed to save fertilizer consumption and to minimize 
environmental pollution through precision farming (Rashidzadeh & Olad, 2014; M.-Y. 
Wu, 2013; M. Zhang et al., 2014).  
Though many positive effects of nanomaterials were reported, potential adverse 
effects from nanomaterials contacting plants in laboratory scales, in vivo, and in-situ soils 
need to be considered (Ghodake, Seo, & Lee, 2011; S. J. Lin et al., 2009; X. Ma et al., 
2010; Rico, Majumdar, Duarte-Gardea, Peralta-Videa, & Gardea-Torresdey, 2011). Thus, 
further environmental safety studies of nano agri-technology must be conducted to 
consider ecological impacts of nanomaterials and avoid issues such as in the 1950s and 
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1960s related to efficient chemicals (e.g., DDT) that had adverse biological impacts due 
to bio-accumulation.  
3.2 Nanotechnology in the fertilizer sector  
Overusing fertilizers has caused environmental pollution through leaching of 
nutrients, soil erosion, eutrophication of surface waters, and nitrate groundwater 
contamination. Nanotechnology based fertilizers (or nano-fertilizers) often contain 
nutrients/growth promoters encapsulated in nanoscale polymers, chelates, or emulsions 
that allow for slow, targeted, efficient release (Rashidzadeh & Olad, 2014; M. Zhang et 
al., 2014), thereby reducing the potential for overusing fertilizers. A nano-fertilizer 
delivers nutrients to crops in one of three ways: (1) encapsulated inside nanomaterials 
such as nanotubes or nanoporous materials; (2) nanomaterial coated with a thin protective 
polymer film; (3) or delivered as particles or emulsions of nanoscale dimensions. For 
instance, biodegradable, polymeric chitosan (78 nm) nanomaterials display slow release 
capabilities of encapsulated fertilizer (Abdel-Aziz et al., 2016; Hasaneen et al., 2014). As 
shown in Table 3.1, in some cases the nanomaterial itself can stimulate plant growth 
(Abdel-Aziz et al., 2016; J. Liu, Zhang, & Zhang, 2008). Given the high surface area 
relative to the amount of nanomaterial, nano-fertilizers have great potential to more 
efficiently deliver nutrients to plant roots.  
Nano-scale fertilizers are more successful at delivering nutrients to the plant 
because the nutrients stay in the pore water and get taken up by the roots, nutrients can 
enter through the stoma, and the nutrients do not bind to the soil as easily (Abdel-Aziz et 
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al., 2016; R. Q. Liu & Lal, 2015). These functions assist the development of precision 
farming by minimizing pollution and maximizing the value of farming practices. 
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Table 3.1 presents just a few examples from numerous research studies with positive and negative effects in plant or crop growth. 
Nanomat
erials 
Evaluation 
Conditions 
Observations NM Size Range NM Dosing Plant Type  References 
MWCNTs MS basal medium; root 
and plant tissues 
MNCNTs entered the roots and also 
translocate to the aboveground tissues 
23–49 nm 2.25 mg/L Arabidopsis, rice, maize and 
soybean 
(Chen & Yada, 2011) 
SWCNTs, 
MWCNTs, 
graphene;  
Activated 
carbon 
Seed germination; root, 
leaf detection of 
nanomaterials 
Changes in gene expression, detection 
of CNTs in roots and leaves 
SWCNT:  0.86–2.22 nm 
(d), a few μm (L); 
MWCNTs: 10–35 nm 
(d), 6 μm (L);  
mainly with 50 
μg/mL exposure 
Tomato (Mariya V. Khodakovskaya et 
al., 2011) 
MWCNTs Seed germinations  Germination not affected; enhance root 
growth for except lettuce  
10–20nm(d), 1-2um(L) 2000 mg/L Radish, rape, ryegrass, lettuce, 
corn, and cucumber 
(D. Lin & Xing, 2007) 
SWCNH 
(Single walled 
carbon nano-
horns) 
MS medium; Seed 
germinations and plant 
growth  
Positive effect observed 4-5 nm(d), 40-50nm(L);  25-100 μg/ml Barley, corn, rice, soybean, switch 
grass, tomato; tobacco cell culture 
(Mariya V. Khodakovskaya et 
al., 2012) 
MWCNTs Agar medium,  Positive effect on germination and 
growth of seedlings 
 
-- 25-100 μg/ml) Corn, barley, and soybean (Lahiani et al., 2013) 
MWCNT, 
oxidized 
MWCNT 
 Root and shoot lengths increased by 
2.5x and 1.6x, respectively 
Pristine MWCNT ∼30 
nm(d); oxidized –
MWCNT ∼20 nm(d) 
2.3-46.0 mg/L Mustard seeds (Mondal, Basu, Das, & Nandy, 
2011) 
MWCNTs  Promoted photosynthesis and nitrogen 
metabolism 
Nano TiO2 (rutile)  0.5% nano TiO2 Spinach (Hong et al., 2005) 
graphene  Seeds germinated much faster than the 
control; penetrated root tip cells 
Graphene 40 mg/mL  Tomato seeds Zhang et al. (2015) 
Graphene; 
Graphene 
oxide (GO); 
 
 Significant increase in fragmented 
nucleimembrane damage, ROS 
generation, mitochondrial 
dysfunction,and induced cell death; 
significantly reduced plant growth (up 
to 78%), biomass (up  to 88%), 
reduced the number and size of leaves 
(up to 53% & 91%, respectively) 
 
Graphene oxide:  
0-80 mg/L; 
0, 500, 1000, 2000 
mg/L 
Arabidopsis thaliana; seeds of 
cabbage, tomato, red spinach, and 
lettuce 
 
(Begum & Fugetsu, 2013; 
Begum et al., 2011) 
Graphene 
oxide 
Slow-release fertilizer; 
GO-coated KNO3 
Releasing fertilizer was prolonged to 8 
hr in water 
Reduced graphene oxide 
coated 
Single-layer GO -- (M. Zhang et al., 2014) 
graphite-based 
nanomaterial 
amended urea   
Mixed with urea fertilizer Increasing wheat yield 12.34%–
19.76%; protein decreased by 7.52%; 
fat increased by 33% 
45-55nm, nano-size 
graphite-based particles 
0.3%nanomaterials in 
the urea 
Wheat (J. Liu et al., 2008) 
Al,  
Zn 
ZnO 
Toxicology study; 
Phytotoxicity; Inhibition 
of seed germination; root 
growth 
Al, enhance root growth for radish and 
ryegrass; 50% inhibitory 
concentrations (IC50) of nano-Zn and 
nano-ZnO near 50 mg/L for radish, and 
about 20 mg/L for rape and ryegrass 
Al: 18nm 
Zn: 35 
ZnO 15-25 
20–2000 mg/L Ryegrass and corn;  (D. Lin & Xing, 2007) l2O3 Risk assessment Inhibitio  root elongation affected by Nano Al2O3 loaded with -- Corn, cucumber, soybean, cabbage (Yang & Watts, 5) 
3
1
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the coating percent of nanomaterials and without 
phenanthrene 
and carrot. 
Nano Ag Crop growth  Stimulating effect on the growth; 
enhanced concentrations induced an 
inhibitory effect 
Nano silver, 10-30 nm  
20-100 ppm 
Common beans and corns  
(Salama, 2012） 
Nano CeO2 Phytotoxicity study Significantly reduced the Zn, Mg, Fe, 
and P levels in xylem sap compared 
with the control; decreased indole-3-
acetic acid & abscisic acid (ABA) 
concentrations in the roots; CeO2 
transport to the stems, leaves and 
Nano CeO2 0, 100, 500 mg/L Transgene & conventional cotton 
plants  
(Thangavelu et al., 2016) 
3
2
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3.2.1 Slow release or controlled release nano-fertilizers  
One of the major problems of ordinary fertilizers is rapid nutrient losses to the 
environment, which often cause environmental and human health problems such as soil 
compaction and erosion, soil nitrification-denitrification efficiency, water eutrophication, 
and heavy metal contamination. Slow release fertilizers (SRF) or controlled release 
fertilizers (CRF) have been developed to overcome the disadvantages of common 
fertilizers. In this chapter, the terms of SRF and CRF are considered analogous. Slow 
release nitrogenous fertilizers can be nano-form and are beneficial in having minimum 
nutrient loss from leaching and allowing crops to be fed gradually in a controlled manner 
(Cheng et al., 2016). These nano-fertilizers can be more efficient, decreasing soil 
pollution and other environmental risks that may occur when using chemical fertilizers. 
Many invention patents exist in the fields of SRF or related products (Table 3.2). These 
SRF can be physically prepared by coating granules of conventional fertilizers with 
various materials that reduce their dissolution rates.   
Using natural polysaccharides to prepare nano-fertilizers has attracted attention due 
to their biodegradability and hydrophilic characters, which are favorable when applying 
fertilizers in soils and on plant foliage. Chitosan is a polysaccharide derived from chitin, 
which is obtained from crustaceans. Chitosan nanomaterials and polyacrylic acid 
nanomaterials have been fabricated as carriers of NPK fertilizers. A few studies have 
reported the potential of chitosan nanomaterials as controlled release for NPK fertilizers 
and water-retention (Abdel-Aziz et al., 2016; L. Wu & Liu, 2008). A foliar chitosan-NPK 
nano-fertilizer was applied to wheat plants, and the treated wheat plants had significant 
increases in harvest index, crop index, and mobilization index as compared with the 
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control fertilized with conventional NPK fertilizer (Abdel-Aziz et al., 2016). The uptake 
and translocation of nanomaterials inside wheat plants by TEM (transmission electron 
microscopy) revealed that nano particles could be taken up and transported through 
phloem tissues (Abdel-Aziz et al., 2016). Chitosan-NPK nanomaterials can also be easily 
applied to leaf surfaces and can enter the stomata via gas uptake, thereby avoiding direct 
interaction with soil systems. Thus, this nanofertilizer could accelerate plant growth and 
increase productivity while minimizing environmental impact (Abdel-Aziz et al., 2016; 
M.-Y. Wu, 2013). However, the response of plants to nano-fertilizers varies with the type 
of plant species, their growth stages, and the nature of nanomaterials.  
The impact of engineered nanomaterials on plants vary significantly depending on 
the composition, concentration, size, and other important physical and chemical 
properties of engineered nanomaterials and the plant species (X. Ma, Wang, Rossi, & 
Zhang, 2015; Arnab Mukherjee et al., 2016). Improved crop yields could be explained by 
NPK promoting enhanced absorption of soil water and nutrients, hence improved 
photosynthesis. Generally, these particles could be taken up by plant roots and 
transported to shoots through vascular systems depending on the composition, shape, and 
size of nanomaterials and plant anatomy. This inspired the invention of encapsulating 
common fertilizers with nanomaterials (as shown in Figure 3.1). The fertilizers are 
protected by the nanomaterials for better survival in soils, allowing for their controlled 
release throughout crop growth. 
One SRF was developed by encapsulating KNO3 pellets with graphene oxide (GO) 
films (M. Zhang et al., 2014). The material was then subjected to a heat treatment where 
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adjacent GO sheets were soldered and reduced to graphene oxide (re-GO) sheets by 
potassium. After the re-GO shell formed on the KNO3 pellets, the slow-release 
characteristics of the fertilizer dramatically improved. In the initial stage from 0 to 7 h, 
the release rate was relatively slow compared with other stages. During this stage, only 
about 34.5% of potassium ions were released in the water. This could be attributed to the 
slow diffusion of water through the shell and into the core of re-GO-coated KNO3 to 
establish ‘channels’ for the release of the potassium ions encapsulated in GO sheets. The 
burst release of potassium ions takes place in the stage from 7 to 8 h. After 8 h, about 
93.8% of potassium ions were released from the fertilizers.  
Encapsulated wood urea modified hydroxyapatite (HA) nanomaterials were 
developed using cavities of the soft wood (Gliricidia sepium) to form nanocomposite 
urea (Kottegoda, Munaweera, Madusanka, & Karunaratne, 2011). Nitrogen release from 
the nanofertilizer composition was studied using soil with different pH values. The TEM 
images of HA nanomaterials exhibited typical rod-like morphology, with a diameter less 
than 100 nm and an average length of 150 nm. This nanocomposite displays a slow and 
sustained release of nitrogen over 60 days. The proposed fertilizer composition may 
maximize the nitrogen utilization efficiency while minimizing the adverse effects to the 
environment.  
Montmorillonite, kaolinite, illite, zeolite, and smectite have high aspect ratios of 
nano-clays. Nanoclay/superabsorbent polymer composites, zeolite nano-composite, and 
porous mineral nanomaterials were reported as a slow release nutrient carriers (Lateef et 
al., 2016; Wei, Wang, Yang, Feng, & Müllen, 2015). Surface areas and reactivity of 
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nano-layers are much higher than that of micrometer size materials. Greater yield was 
obtained in CRF treated soils owing to their slow release property compared with the 
control. Some bio-composite based coating material (i.e., modified starch, lignin, 
cellulose) and urea/formaldehyde polymer nanocomposites can also be applied to form 
CRF (Barrena et al., 2009; Ghodake et al., 2011; Gurunathan, 2015). The sizes of 
synthesized nanocomposites vary greatly, with the size of 
montmorillonite/urea/paraformaldehyde polymer being around 2.5 mm in diameter (i.e., 
not the nanometer range) and zeolite nano-composites being produced in the range of 3–6 
nm. The pores and ridges made from a polystyrene-starch sub-nanocomposites are 10–20 
nm, and thus shows a potential slow release capacity for fertilizers (Barrena et al., 2009; 
Gurunathan, 2015; Lateef et al., 2016). 
 
Figure 3.1 A diagram of nano-fertilizer containing nutrients and emulsions  
 
 
Protective 
film
Nanoscale 
nutrients
Encapsulation of nutrientsFilm coated in nutrients (slow released
 or controll released) 
Delivering as emulsions or 
nanoparticles
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Table 3.2 Patents of nanotechnology application in the plant growth or fertilizers  
Title of the 
patent 
Product 
description 
Crops tested Relevant nanomaterial 
composition  
Nanomaterial Size Patent Number  Inventors 
A nanocarbon 
fertilizer  
Micro organic 
complex 
fertilizers 
Wheat, paddy rice, 
corn, soybean, oilseed 
rape, etc. 
Acid-decomposed amino acid, rare 
earth compounds, medium-micro 
elements compounds, useful bacterial 
colony 
1-80 nm nano-carbon 
material 
CN 103772043 
B(2016) 
Li 
A nanocarbon sulfate 
organic fertilizer  
Organic fertilizer  Pathogenic bacteria, 
cure crop diseases 
(crop disease, i.e., 
paddy rice, oilseed, 
banana, apple, sweet 
potato, ginseng). 
Sulfate compounds, organics, 
antibiotic bacteria, animal manure, 
crop straw, nano-carbon material 
5-70nm graphite based 
nanocarbon material  
(0.1%-0.7% by mass) 
CN 102816003 
B(2014) 
Zhang et al. 
Nano Light 
degradation polymer 
coating fertilizer and 
preparation method 
Control released 
fertilizer.  
Coating fertilizer 
crops Chemical fertilizer, coating material 
made of polyethylene, inorganic 
filling material, and nano TiO2 
Hydrophobic nano 
TiO2 light catalyzing 
particles, 20-200 nm 
CN 103588561B 
(2015) 
Li et al. 
Long effective 
environmental 
friendly composite 
fertilizer   
Composite 
fertilizer  
 0.1%-1.0% (by mass) of graphite 
based nano-carbon material; 0.2-0.7% 
(by mass) dicyandiamide 
5-200nm CN 101362659B  
(2007) 
 
Nano silver coating 
antibacterial yield 
improving slow-
released compound 
fertilizer 
Slow-released 
fertilizer  
Soybean Natural organic fertilizer sources. 
Coating material: diatomite, nano 
silver, glycerol, sodium alginate  
Not specified  CN 104045420B 
(2016) 
Zhang et al  
Preparation method 
of a liquid fertilizer 
synergist containing  
Liquid fertilizer 
synergist  
Soybean, tomato, 
celery  
Electrolyte containing waste 
ammonia chloride collected from rare 
earth extraction process and a 
dispersive agent. Electrolytic method 
or preparation of graphite based nano 
carbon sol. C content 0.001-0.1g/L, 
rare earth 0.01-0.1g/L 
10-50 nm CN 103772055B 
(2015) 
Yang et al. 
3
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Nano chitosan 
composite material 
and nano coated 
particle product 
Slow-released 
composite 
particles, fertilizer 
slow releasing, 
water retaining 
agent 
Crops Chitosan material coating fertilizer or 
water particles.  
15-30nm nano-size 
channel on film of 
chitosan particles 
CN 104629092B 
(2017) 
Ma et al. 
MWCNT modified 
water based polymer 
composite material 
and its preparation 
method  
Coating control-
released fertilizer, 
Material for Slow 
released fertilizer 
General fertilizer used 
crops 
Coating material is made from 
MWCNT/water-based poly 
polyacrylate composite emulsion. 
MWCNT: 0.4% (by mass) 
Not specified  CN 104276877B 
（2016） 
Du et al 
Synthesizing method 
for nano-clay 
polyester mixed 
coating cementing 
agent  
Used for slow 
released coating 
cementing agent, 
Organic-inorganic 
compound 
fertilizer 
cementing agent, 
water-retaining 
agent 
Paddy rice, wheat, 
corn, vegetables, etc. 
Nano-clay of kaolite, 
montmorillonite; nanoclay-
unsaturated polyester mixture 
solution 
Not specified  CN 1171948C 
(2004) 
Zhang et al 
Slow-released coated 
material containing 
micro-nano-scale 
polymer particles   
Slow-released 
coated material  
Coating material for 
fertilizer and 
medicine  
Polymer particles containing unique 
water soluble micro-nano-scale slow 
released channel, Poly 
vinylpyrrolidone chelated 
microelements and medicines 
Polymer particles in 
the range of 5nm-2μm, 
Preferably 100nm-
500nm 
CN 103435424B 
(2016) 
Xing and Wei 
Long term acting 
nano carbon 
environmental 
friendly composite 
fertilizer  
Composite 
fertilizer 
Crops Chemical fertilizer (i.e., ammonium 
bicarbonate) containing nanocarbon 
material, 0.2-0.7% ammonia 
stabilizer, nitrate reductase inhibitors  
5-200nm 0.1-0.5% (by 
mass) graphite based 
nano carbon, 
101362659B 
(2011) 
Liu et al 
Nano-scale urea 
particles and methods 
of making and using 
the particles 
Chemical 
fertilizer e 
Crops Ammonia and carbon dioxide are 
used as raw materials to produce urea 
using a nano- channel reactor. Nano-
urea particles are coated for slow 
release  
less than 1 μm US 8212074B2 
(2012) 
Kilambi, 
Nano-leucite for slow 
release nitrogen 
fertilizer and green 
environment    
Sustained release 
fertilizer 
Crops Calcium ammonium nitrate occluded 
nanoleucite 
45nm US 8911526 B2 
(2014) 
Farrukh et al 
3
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Nano-composite 
supersorbent 
containing fertilizer 
nutrients used in 
agriculture 
Slow release 
fertilizer and 
water retention  
Release rate of 
fertilizer (NPK) was 
measured 
Field trials not 
reported 
nano-composite superabsorbent 
polymer composition encapsulating 
fertilizer/plant nutrient products 
Particles 10-300 mesh 
varied 
US 2010/0139347 
A1 (2010) 
Barati, Abolfazl 
Composition and 
method for sustained 
release of agricultural 
macronutrients 
Sustained release 
of N fertilizer 
For crops needing 
macronutrients 
fertilizers 
Urea adsorbed hydroxyapatite 
phosphate nanomaterials 
compositions, slow release its N up to 
3 months. N content up to 40%, 
Nano-composite, rod-
like nanostructure.   
US 0165683 A1 
（2014） 
Kottegoda et al 
Slow-release 
fertilizer 
compositions with 
graphene oxide films 
and methods of 
making slow-release 
fertilizer 
compositions 
Slow-release 
fertilizer with 
reduced graphene 
oxide coating film    
- - Coating with 0.3nm to 
30 30μm thick. 
US2014/063867   
（2014） 
Gao et al 
3
9
 
40 
3.2.2 Commercialization of nano-enabled products  
There is extensive research on many types of nanomaterial based fertilizers, but very 
few commercial products are available. Patents for multiple types of fertilizers such as 
metal oxides and carbon based fertilizer additives are available, but many products are 
still in the research and development stage due to the unknown nature of nanomaterials. 
Several factors can contribute to the lack of commercially available products, including, 
economic return on investment, regulatory constraints, and public opinion (Parisi, Vigani, 
& Rodríguez-Cerezo, 2015). The regulations of nanomaterials involve different 
regulatory bodies, unclear nanomaterial definitions, and international agreement make 
nano-fertilizer production challenging (Parisi et al., 2015). 
Despite numerous patents related to nano-fertilizers, pesticides or other agents 
intended to enhance crop yields, there are few commercially available products.  This 
will likely change over the coming decade.  The regulatory landscape about using nano-
materials in agricultural products is not uniform among countries, or even states within 
certain countries.  The global demand for food will continue to increase each decade, and 
if nanomaterials are definitively shown to enhance food productivity or nutritional value 
then there will need to be transparent guidelines and regulations about their usage. 
3.3 Metal and metal oxide nanomaterials for plant growth  
Many researchers have investigated the phytotoxicity of metal and metal oxide 
nanomaterials and their environmental impacts along with their beneficial uses such as: 
improved root growth, pathogen inhibition, and increased yields (X. Ma et al., 2010; 
McShane & Sunahara, 2015; Rico et al., 2011; Thangavelu et al., 2016). Various metal 
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nanomaterials have been shown to have positive effects on plant growth depending on the 
concentration applied and the crop. Compared to other nanomaterials, gold and silver 
nanomaterial applications showed beneficial results on various plant species with little 
and/or no toxicity (Barrena et al., 2009). Ag
0
 has been used to treat plants or plant roots, 
showing positive results such as increasing ascorbate and chlorophyll contents, increasing 
carbohydrate and protein contents, promoting root growth, and inhibiting pathogens (An, 
Zhang, Wang, & Tang, 2008; Salama, 2012; Thangavelu et al., 2016). Small 
concentrations (20–60 ppm) of Ag0 stimulated crop growth (i.e., common bean 
(phaseolus vulgaris L.) and corn (Zea mays L.)), while the higher concentrations (>60 
ppm) induced an inhibitory effect and reduced nutrition content (Thangavelu et al., 
2016). Similar results can be found when using copper, iron, or ceria oxide (CeO2) 
nanomaterials. Copper nanomaterials increased the wet biomass and reduced wilt fungus 
in eggplant (Elmer & White, 2016). Iron nanomaterials were used in growing peanuts and 
increased root growth, plant height, yield, and chlorophyll content (Rui et al., 2016). 
Some fertilizer foliar sprays that include microelements, i.e., Zn, B, Cu, Mg, Fe, have 
often been used in the field. Nanomaterial applications on pomegranate fruit was reported 
at low concentrations (Cheng et al., 2016)—i.e., Zn 0–120 mg/L and B 0–6.5 mg/L with 
the size of Zn and B chelated particles averaging 50 nm and ranging from 23–80 nm. The 
application of Zn and B increased the concentrations of both microelements in the leaves 
and increased fruit yield and quality (i.e., TSS, TA, maturity, juice pH), but physical fruit 
characteristics were not affected.    
In experiments by Thangavelu (2016), CeO2 nanomaterials significantly reduced 
nutrient levels in xylem sap compared with the control group and decreased auxin 
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concentrations (i.e., indole-3-acetic acid, abscisic acid) in the roots of the cotton. These 
particles were absorbed into the roots and subsequently transported to the stems and 
leaves of cotton plants via xylem sap. The vascular bundles were destroyed by CeO2 
nanomaterials, and more damage was observed in transgenic cotton than conventional 
cotton. Plant responses (i.e., Brassica rapa) to CeO2 exposure varied with the particle 
size and the growth stage of plants (X. Ma et al., 2015). At the same concentrations (10 
and 100 mg/L), the exposure of bulk CeO2 to Brassica rapa was found to produce 
significantly higher plant biomass compared with the nano-sized CeO2. The different 
sizes of CeO2 on the plant growth influenced greatly the prooxidative and antioxidative 
balances and uptake of Mg
2+
 and other central metal ions of chlorophyll. These may be 
the reasons for differences of relative chlorophyll content and photosynthesis. 
As shown in a critical review by Mukherjee (2016), soil microbial communities are 
directly connected to the toxicity of nanomaterials and thus could alter the bioavailability 
of nutrients and increase or reduce the toxicity of organic compounds and/or toxins. For 
example, nano Ag has broad spectrum antimicrobial/biocidal properties against all 
classes of microorganisms and possesses numerous distinctive physico-chemical 
properties.  Therefore, it will have an impact on soil biota (An et al., 2008). The response 
of terrestrial plants to Ag
0
 exposure for a soil-plant system should be studied extensively. 
For more details refer to the review of Anjum et al (2013).  
3.4 Carbon nanomaterials and crop growth  
A number of carbonaceous or carbon-based nanomaterials have recently gained 
interest and application due to their positive effects on plant germination and growth. 
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There are both positive and negative effects on terrestrial plant species, again depending 
on the type of concentrations, growth conditions, and plant species. Carbon-based 
nanomaterials such as MWCNT, SWCNT, graphene, and GO have shown potential to 
increase plant germination and growth (Mariya V. Khodakovskaya et al., 2012; Mariya 
V. Khodakovskaya et al., 2011; Lahiani et al., 2015; Lahiani et al., 2013). Fertilizers 
containing graphite-based nanomaterials in China have also shown promising results for 
growth and yield and decreased common fertilizer inputs in field scale trials for a variety 
of crops, including paddy rice, corn, soybean, cotton, tobacco, and flowers (J. Liu, Zhang, 
& Ma, 2012).   
In one technique, nano-scale carbon-based particles are manufactured by applying an 
electrochemical exfoliation process using graphite electrodes. The carbon sol is further 
precipitated or spray dried to produce graphite-based nanomaterials (GNMs). The GNMs 
can be mixed with various chemical fertilizers or compound fertilizers (named as GNMF) 
for application. GNMs were first combined with fertilizer (called the nanocarbon 
enhanced fertilizer or the nanocarbon synergist) in 2007, and it immediately showed an 
obvious positive effect on crops growth (J. Liu et al., 2008; J. Liu et al., 2012; Yun Ma, 
Liu, & Zhang, 2009). Yields of cereal crops as well as vegetables, tobacco, fruits, and 
other commercial crops generally increased in mass by 10% –20%, while the amount of 
nutrients added decreased by 30%. However, some of physiochemical characteristics of 
crops treated with GNMF can be modified, such as, in the case of winter wheat (T. 
aestivum), the fat and protein contents of the wheat increased by 30% and decreased by 
7.5%, respectively.   
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Fertilizers can maintain its quality for years if stored in proper conditions such as in 
dry cool environment. Carbon is considered a stable element; therefore, carbon 
nanomaterials such as graphite and carbon nanotubes are unchanging under high 
temperatures and expected to have a long shelf life (Dean & Chalamala, 1999; Peng et 
al., 2000).  Therefore, carbon-based nano-additives should be stable within conventional 
fertilizer mixtures, although few studies exist because such products are yet not widely 
commercialized. 
3.4.1 GNM production  
The electrochemically exfoliated technique is widely used to prepare graphite 
nanomaterials and graphene. Nano graphite-based sol can be manufactured by the 
electrochemical oxidization pulse electrode method (Wei et al., 2015; Weng, Chen, Wu, 
& Yan, 2002). In Liu’s patent (2003), the device consists of a high purity graphite 
electrode as the anode and an inert electrode as the cathode (e.g., graphite bar, stainless 
steel, and titanium plate) in an aqueous electrolyte solution (Figure 3.2A-3.2C). The 
solution is made of about 0.03–0.07% (w/w) electrolyte in acidic (pH 2–3), neutral, or 
alkaline (pH 8–9) solution. Specifically, the solution contains a mixture of sodium 
chloride and inorganic acid, or sodium chloride, potassium chloride, and alkali hydroxide 
(i.e., NaOH, KOH, LiOH). An electric pulse with a period of 0.05–0.5s is applied to the 
anode and cathode with an effective voltage of 2–10 V, preferably 3–5 V. The effective 
current density between the electrodes is 15–75 A/m2, preferably 25–35 A/m2. The 
produced sol has good stability and dispensability. This method’s production efficiency is 
greater than that of DC electrolysis. The GNMs are precipitated by adding lignin 
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sulfonate (0.05%–0.1% by mass and molecular weight > 50000 Da) and spray drying at < 
55nm (J. Liu, 2003). The GNM particle sizes are mainly 15–20 nm, some of them as 
large as 100–200 nm. The produced carbon sol is very stable and has a Zeta potential of -
34.4 mV, indicating the particles of the sol are negatively charged.   
      Using a similar technique, graphite nanomaterials were investigated and characterized 
on a small scale using a constant potential electrolysis device (10–20 V) (Weng et al., 
2002). O-containing functional groups from the oxidation of graphite, such as alcohol, 
carbonyl (C=O), carboxylic groups (COO-), and C-O bonds, were found on the carbon 
sheets of these particles. The simulation structure diagram for a typical exfoliated 
graphite carbon layer is presented in Figure 3.3. These polar O-containing groups make 
the particles more likely to form hydrogen bonds with water and present a type of 
hydrophilicity. Similarly, due to hydrophilic groups on the GNMs surface, the particles 
are negatively charged and can be very stable in the sol and powder.  
As characterized in the laboratory using Raman scattering and selected area electron 
diffraction, these GNMs are generally amorphous and have structural disorders in 
nature. Presumably, there could be a combination of particles with monolayers and 
multilayers (Weng et al., 2002). The GNMs produced by other processes could also 
contain an oxidized graphite sheet of a single layer.  
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Figure 3.2 (A) A diagram for preparation of nano-graphite sol 1. anode, 2. cathode, 3. 
reaction cell, 4. electrolyte solution, 5. power supply. (B) A schematic diagram for double 
electric layers of nanomaterials in the sol; 1 = graphite nanomaterials and 2 = negative 
ions. (C) A diagram for large scale manufacturing nanomaterial; 1= the anode, 2 = the 
cathode, 3 = the reaction cell, 4 = the preparation device, 5= the power supply, and 6 = 
Polyethylene meshed board. Reproduced from the patents of Liu (2003). 
 
Figure 3.3 The simulation structure diagram for exfoliated graphite carbon layer (2.0 
mol/L ammonia solution as electrolyte) (Weng et al., 2002). 
3.4.2 GNM characterization  
The GNM TEM image is presented in Figure 3.4. Compared to the reference 
MWCNTs (in hollow filament in the top left), the GNM shapes are mainly spheres or 
4
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amorphous; the particle size is between 14–60 nm, consistent with reports in the literature 
(Liu 2003). Figure 3.5 presents the Raman spectrum of the sample, which is characterized 
by two first-order prominent peaks: a Both the Raman-active E2g peak at ~1573 cm
-1
 
(referred to G band) and the disorder-induced peak at ~1354 cm
-1
 (referred to the defect 
or D band) originated from the symmetric stretching vibration of the sp
2
 carbons. The D 
band is often used to evaluate the disorder degree of the structure. The D band is very 
sensitive to the structural changes and is attributed to a significant defect in the single 
layer structure. Figure 3.5 is quite similar to common graphite (Davarpanah, Tehranifar, 
Davarynejad, Abadía, & Khorasani, 2016). The G band represents the order and integrity 
of the carbon material, while the D band represents the disorder and incomplete structure 
of the samples. There is generally a sharper G band peak compared with a broader D 
band peak, and the ratio of these peak intensities (ID/IG) is used to assess the relative 
amount of defects in carbon nanomaterials.  For example, the ratio of ID/IG is generally 
lower for graphene, while the ratio of ID/IG 0.94 indicates a high degree of structural 
disorder.  
In summary, the Raman 2D band (~2725cm
-1
), which is a characteristic of graphene 
or carbon nanotubes in the spectrum, is not detected in the exfoliated GNMs. The bands 
at 2445 cm
-1
 (G+A2u) and 2725 cm
-1
 are not distinctively separated and could be masked 
by signals of amorphous graphite particles and other components (e.g., lignin sulfonate) 
during the GNM manufacturing (CHC, 2016; Fang et al., 2013). According to the 
information obtained, the GNMs could be a nano-sized mixture with some features of 
disorder multilayer graphite and oxidized graphene.  
48 
 
Figure 3.4 The transmission electron microscopy image for graphite nanomaterials 
(the filament MWCNT is given as a reference on top left) (Y. Ma & Fang, 2012). 
 
Figure 3.5 The Raman spectrum of the graphite nanomaterials (D: defect band for at 
1356 cm
-1
; G: graphite band at 1574 cm
-1
) (Ma and Fang, 2012) 
3.4.3 GNM toxicology  
The toxicology LD50 test of GNMs was also tested. The experiment used male and 
female mice to observe the death and short-term poisoning potential (acute toxicity) in a 
two-week period with a dose of 0.2 ml per 10 grams body weight (BW) (given by mouth) 
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or 10 grams per 1 kg body weight. The LD50 for mice and rats were all greater than 5 
g/kg (BW) and 10 g/kg (BW), respectively, indicating the non-toxic nature of the GNMs. 
Another chronic LD50 experiment was performed with rats and showed harmful doses 
was not observed after 90 days feeding (a potential no-observed-adverse-effect-level 
(NOAEL)). The rats were fed continuously for three months with feedstuff containing 
GNM at dosages of 50 g/kg, 10 g/kg or 2 g/kg. The normal appearance, BW, food-intake, 
hematology (nine tests), blood coagulation and thrombin, and blood biochemistry (nine 
tests) were also monitored. Simultaneously, the viscera histology of rats was observed. 
For male rats, NOAEL was 129.2 mg/kg (BW), and NOAEL for female rats was 1440 
mg/kg (BW). 
The bacteria-based Ames test for the GNMs has been conducted. The experiment 
used four Salmonella typhimurium strains (Histidine deficit type, TA97, TA98, TA100 
and TA102) with 0, 25, 10, 5 and 2 mg/mL GNM, respectively. The incubation (37℃) 
lasted for 48 h, and numbers of revertant bacteria colonies that grew on each plate were 
counted. The data was null according to the criteria.  More broadly, although the 
mechanism of SWCNTs, MWCNT, and fullerenes are not well understood, evidence of 
antimicrobial activity has been reported (Isaacson et al., 2009).  
3.4.4 Plant growth mechanisms 
3.4.4.1 Improved plant growth, nutrient use, and water efficiency 
Growth mechanism studies (with Arabidopsis thaliana) were carried out by Prof 
Rongxiang Fang’s group at the Institute of Microbiology, Chinese Academy of Science. 
Preliminary results with the presence of GNMs were promising. Using a GNM 
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concentration of 0.132 mg/L, the fresh biomass of Arabidopsis increased significantly in 
the stages of vegetation and reproductive growth (3.1–4.1 times greater) along with 
germination (Gogos et al., 2012). Statistically, the root length, height, and diameter of 
Arabidopsis also increased significantly. Arabidopsis phenotypes are shown in Table 3.3 
and Figure 3.6 After treatments with GNMs (13.2 mg/L), the Arabidopsis phenotypes at 
30 and 60 days are significantly different from each other and from the control. The root 
length, rosette diameter, and stem height increased by 1.3 and 1.6 times (p <0.05), 0.55 
and 0.8 times (p <0.05), and 1.6 and 2 times, respectively. Simultaneously, the treatment 
significantly increased the number of fruits after 60 days. When combined with nutrients 
medium solutions (MS medium), the GNMs show greater nutrient absorption. Figure 
3.7 presents the effect of the nutrient metabolism for Arabidopsis with and without 
GNMs. The MS medium amended with GNMs promoted adsorption of common 
nutrient ions. In comparison of MS treatment only, the K content increased by 8.4%, 
while P, Mg, Fe, and Zn increased by 14.3%, 12.8%, 18.1%, and 28.0%, respectively. 
The results also indicate that GNMs inhibited the absorption of Ca and B ions, 
decreasing by 26.5% and 10.0%, respectively. No significant differences were observed 
for Mn, Al, and Cu. 
The water absorption percentage, radicle and germ fresh weight, and average radicle 
and germ length all increased gradually with the increase of the nano-carbon 
concentration in the maize germination experiment (Wang, Li, Meng, Li, & Zhou, 
2013). For doses up to 396 g/L (Figure 3.8), the optimal concentration is 66 mg/L, 
which showed tested items increased by 11.89%, 20.53%, 13.90%, 19.62%, and 
20.85%, respectively, when compared to the control. Similar to the findings of other 
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carbon-based nanomaterials, higher doses inhibited plant growth (Arnab Mukherjee et 
al., 2016; Servin et al., 2015). For field trials of GNM-mixed fertilizers, three parts 
GNMs per thousand parts fertilizer is often used.  
Accumulation of exfoliated nanocarbon particles has not yet been observed in the 
roots, crops, and fruits of different plant species using the qualitative measurements of 
TEM and Raman spectroscopy. Using TEM, the mitochondria in the plant cells increased 
significantly after the treatment of GNMF (Gogos et al., 2012). Briefly, the adenosine 
triphosphate (ATP) energy levels in the plant and intermediate products are also 
increased, thus enhancing the plant respiration. Generally, the GNFP treatment also 
promotes the active transport ability of the nutrients in the root systems. It also could 
encourage synthesis and transport of starch grains inside of the chloroplasts, promote 
synthesis and transport of carbohydrates in leaves, and improve efficiency of plant 
photosynthesis. CNTs were found to promote photosynthetic activity, seed germination, 
root and crop growth, and water channel protein production. SWCNTs can be transported 
and localized within the lipid envelope of plant chloroplasts. Thus, the SWCNT–
chloroplast assemblies can also enable higher rates of leaf electron transport in vivo 
through a mechanism consistent with augmented photo-absorption. This mechanism 
could be used for reference of GNMs enhancement of plant growth. Further research is 
needed to understand the mechanisms behind the exfoliated graphite-based 
nanomaterials. 
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Table 3.3 Analysis of Arabidopsis phenotypes in MS with GNMs treatments (n=10). 
Significant difference was marked with * (p < 0.05). CNM = exfoliated GNMs (Y. Ma 
& Fang, 2012) 
Period Treatment 
Stem 
height 
(cm) 
Root 
length 
(cm) 
Rosette 
diameter 
(cm） 
Fruit 
number 
(n) 
Rosette 
leaf 
number (n) 
Bolting 
rate (%) 
30 days 
MS 2.6±3.7 2.8±0.7 2.7±0.5 0±0 7.2±1.5 77.0±6.4 
MS+CNM 5.5±0.5
*
 3.6±0.5
*
  4.2±0.7
*
 0.6±1.3   8.5±1.6
*
  93±8.2
*
 
60 days 
MS only 18.3±2.6 3.7±0.9 3.6±1.4 13.5±4.7 14.5±1.0 99±6.0 
MS+CNM 28.8±3.5
*
 6.1±1.5
*
 6.4±1.1
*
 36±16
*
 15.1±1.0 99±2.4 
 
 
Figure 3.6 Phenotypes changes with different GNM contents in Arabidopsis.  Top from left to 
right GNM content: 0, 0.132, 0.64, 0, 13.2, 66 mg/L, respectively.  Bottom from left to right 
GNM content: 1.32, 6.4, 13.2, 132, 264, 396 mg/L, respectively (Y. Ma & Fang, 2012). 
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Figure 3.7 Effects of nutrients metabolism on Arabidopsis (n=60) “*” = p< 0.05. 
Significant difference was marked with * (p < 0.05). MS medium, CNP = exfoliated 
carbon nanomaterials (Y. Ma & Fang, 2012). 
 
*
*
**
*
0
200
400
600
800
1000
1200
1400
1600
1800
2000
K Ca Mg Fe P Al
矿质元素分布
元
素
含
量
 u
g/
ml
MS
MS+CNP
Element 
El
e
m
e
n
t 
co
n
te
n
t 
(μ
g
/m
L)
*
*
0
1
2
3
4
5
6
7
8
9
10
Mn B Zn Cu
矿质元素分布
元
素
含
量
MS
MS+CNP
Mineral element
El
e
m
e
n
t 
co
n
te
n
t 
(μ
g
/m
L)
54 
 
Figure 3.8 Effect of GNP content on average fresh weight of a single Arabidopsis 
plant. Where, the values at the Y axis are expressed as means +SD; different normal 
letters indicates significant difference between treatments at 0.05 level (n=10); the 
0.132 mg/L treatment is statistically different from other treatments (Y. Ma & Fang, 
2012). 
3.4.5 Crop yield enhancement 
To date, the GNMF technique has been applied in more than 55 field experiments 
(total area covering more than 1 million ha) across mainland China. The crops tested 
included main grain and commercial crops (paddy rice, wheat, corn, potato, soybean, 
cotton, tobacco, eggplant, sweet pepper, tomato, fruits, and flowers). Crop production 
increased by 10–50% while reducing the conventional chemical fertilizer doses by up to 
30%. Accounting for the production and GNMF costs, applying this technique is 
beneficial for farmers. The GNMF shows great potential for greener agriculture with 
considerable reduction of fertilizing and thus lower nutrient runoff into the environment.  
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As shown in Table 3.4, using the same amount of fertilizer (urea and ammonium 
bicarbonate amended with and without GNMs), the GNM + urea can increase the wheat 
yield by 13.4% compared with urea alone and GNM + (NH4)2CO3 increased yield by 
7.2% compared with (NH4)2CO3 alone. Compared with the control (CK), the GNM + 
urea could increase the mass yield by 34.4%. The increase in production using GNMs 
combined with fertilizer is significantly significant (J. Liu et al., 2008; Yun Ma et al., 
2009). Additional experiments also proved this technique to have higher yields and 
fertilizer savings. The fertilizer application with 70% dosage (i.e., saving 30%) was found 
to be the optimal amount for increasing production, agronomic efficiency, and economic 
benefits for different nano-fertilizer applications (Yun Ma et al., 2009; M.-Y. Wu, 2013). 
The physiochemical qualities of the produced crops were found to be similar with the 
control or slightly improved. In some cases, the fats in the wheat increased by 33% and 
oil content in soybean increased by 13.19%. 
Table 3.4 Measuring results with different fertilizer experiments for winter wheat 
production in the experimental testing station of the Ministry of Agriculture, China (J. 
Liu et al., 2008) 
Treatment 
Effective 
panicles 
x 10,000/hm
2
 
Grains 
per spike 
Weight 
(g) of 
1000 
grains 
Yield 
kg/hm
2  *
 
Increased 
Yield by 
(%) 
CK 510.7 24.0 48.9 6045 
a A
 0 
ABC 569.0 28.5 44.3 7095 
b B
 17.37 
Urea 529.3 29.4 47.0 7305 
bc B
 20.84 
Nano- ABC 521.0 29.9 48.2 7530 
c C
 24.57 
Nano- Urea 580.7 29.1 48.0 8115 
d D
 34.24 
Note: *Different capital letters in a row mean significant difference at 0.05 level, different lower cases mean extremely significant 
differences at 0.01 level. ABC=(NH4)CO3; Nano ABC = (NH4)CO3 mixed with GNMs; Nano Urea=urea mixed with GNMs; CK= 
control; Fertilizer dosage: N 240 kg/hm2, P2O5 120 kg/ hm
2, K2O 120 kg/ hm
2. Fertilizer method: base fertilizer plus top-dressing, base 
fertilizer accounted half and another half for top-dressing. Soil property: Total N 0.82 g/kg, available P 33.3 mg/kg, rapidly available 
K 157 mg/kg, pH value 7.8 (Copyright, Journal of Anhui Agriculture Science)  
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3.5 Regulatory aspects of nano fertilizer technology in agriculture 
There are numerous advantages of nano based fertilizers in agriculture depending on 
the nanoparticle, crop, and concentration of applied particles. These benefits include 
enhanced root length, enhanced cell growth, higher germination rates, and higher biomass 
production (Arnab Mukherjee et al., 2016). It has also been reported that nanofertilizers 
can increase photosynthetic efficiency, nutrient uptake, and water use (Aslani et al., 2014; 
R. Q. Liu & Lal, 2015). Nano-fertilizers can be limited by detection abilities and 
unknown effects once released into the environment. The fate of nano-fertilizers and 
effects on aquatic and terrestrial systems is still unknown. Nanotoxicity and uptake of 
nano-fertilizers which are both influenced by type of plant and composition and size of 
nanoparticle are also important considerations to prevent negative impacts to humans, 
plants, and environment (Aslani et al., 2014; R. Q. Liu & Lal, 2015).  
Many nano-enabled products are currently under research and development and may 
enter the market within a few years. As for other commercial products, applying for 
market approval requires demonstrating safe use without posing any potential safety risks 
to the consumer or the environment. Despite substantial research in the nano-fertilizer 
area, they are still rarely available on the market. Any application of this type will need to 
go through pre-market approval.  
The EU and Switzerland have been active in regulating nano-related products in 
their regulatory frameworks. They are the leading region dealing with nano products in 
agriculture, feed, and food sectors. To improve the protection of human health and the 
environment from the risks that can be posed by chemicals, nearly all chemicals in EU 
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countries are under the Regulation (EC) No 1907/2006 called Registration, Evaluation, 
Authorization and Restriction of Chemicals (REACH) (European Parliament and 
Council, 2006). Substances used in food or feed stock are exempted from registration 
under REACH. There is currently no legislation entirely dedicated to regulation of the 
Nanomaterials either in the EU or any other country. However, amendments are often 
suggested by the European Parliament and non-governmental organization (NGOs). 
Currently, REACH does not explicitly address Nanomaterials for fertilizer in the legal 
text, but it addresses chemicals in whatever size, shape, or physical form and therefore its 
provision also applies to Nanomaterials (Amenta et al., 2015). The Annexes of REACH 
Regulation are currently under revision to more explicitly address Nanomaterials.   
In the United States, nanomaterials in cosmetics, food products, insecticides, 
fungicides, and rodenticides are regulated by the Food and Drug Administration (FDA) 
and/or Environmental Protection Agency (USEPA). No explicit legislation exists 
nanomaterial application in fertilizer. States may develop more restrict regulations than 
federal FDA or USPA regulations. For example the Health Department in Minnesota 
State has issued a list of nanomaterials (i.e., multiwall carbon nanotubes (MWCNT-7), 
fibrous silicon carbide, and silicon carbide whiskers) as chemicals of high concern for 
registration in certain commercial products (CHC, 2016).  
In China, commercial fertilizers require registration with the Ministry of 
Agriculture, and the manufacturer shall provide specifications or compositions of all raw 
materials and additives. Nano-fertilizer is not explicitly covered by any of the six major 
classes for fertilizer (macro element, medium element and microelement, organic 
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fertilizer, soil conditioner, forestry, and water retaining agent), and there are also no 
regulations about application of nanomaterials. However, the term “nano” is not allowed 
in the commercial fertilizer name.   
3.6 Conclusions 
In agriculture and horticulture, nanotechnology can improve crop yields and crop 
protection through better efficacy of pesticides, fertilizers, or other growth agents 
(Amenta et al., 2015; Gogos et al., 2012). In the fertilizer sector, practical applications are 
mainly marketed towards slow release nano-fertilizer, nano-fertilizer foliar sprays, and, in 
recent years, nanomaterials incorporated with conventional fertilizers. Fertilizers can be 
combined with either carbon-based, metal-, or metal oxide- based nanomaterials, or 
integrated into formulations in different forms and states– from solid particles to 
encapsulation, nanocomposites, and even emulsions. In the graphite-based nano-fertilizer, 
nanomaterials represent an additive or synergist; however, the exact mechanism for plant 
growth and transportation of possible nanocarbon particles inside of plant tissues should 
be studied in the future. The graphite-based nanomaterials in combination with 
conventional fertilizers enhance crop growth by improved nutrient and water adsorption, 
increased photosynthesis, and better root growth. At the same time, they save fertilizer 
and reduce nutrient runoff. Thus, incorporation of nanomaterials into agricultural 
products may reduce chemical pesticide and fertilizer or nutrient application rates capable 
of not only reducing infiltration of organic chemicals or nutrients into groundwater and 
reduced loading via surface runoff into streams and lakes.  These promises of a potential 
future agriculture nano-enabled industry must carefully assess adverse risks in using 
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nanoparticles on the ecosystem or human populations.  To this end, lab and field studies 
with nano-enabled agricultural products should be required to be able to detect the 
nanomaterial of interest in complex matrices, quantify its release potential and fate during 
studies and be able to assess its toxicity on bacteria, aquatic organisms, mammals, 
amphibians, humans, etc.  
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CHAPTER 4 
RESULTS  
 
This chapter discusses the characterization of the carbon nanoparticles (CNP) and the 
effect of CNPs on lettuce leaf yield and nutrient mobility. The yield and subsequent 
sections discuss the results in order of experimental season, starting with summer, fall, 
and then winter experiments. All yield and nutrient data was converted to from mg/pot to 
kg/ha using the surface area of the pot (0.041 m
2
). Following the yield section, the 
leachate composition, plant tissue content, and soil data are presented, which were used 
to formulate a nutrient balance for each season. The focus of the leachate data and the 
nutrient balance was on nitrogen considering that is the main nutrient of concern due to 
its high leaching potential and contamination of water bodies.  
4.1 Characterization of carbon nanoparticles (CNP) 
SEM and TEM were used to characterize the size and structure of the carbon 
fertilizer amendment (CNP). SEM images exhibited a range of particle sizes (Figure 4.1). 
The TEM images showed a combination of a crystalline structure made up of parallel 
graphitic planes along with amorphous carbon defects (Figure 4.2). The sizes ranged 
from 253.6 to 849 nm in width and diameter and less than 100 nm in thickness (Figure 
4.2). Particle thickness was determined using AFM and nanoscale software (Figure 4.3). 
Figure 4.3b shows the average thickness of 8 nm was determined using the section 
function in the Nanoscale software of 100 carbon nanoparticles. 
The Raman spectrum in Figure 4.4 from a previous study showed a E2g peak at 
1573 cm
-1 
(G-band) which is indicative of a graphitic composition and a disorder-induced 
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peak at 1354 cm
-1
 (D-band) attributed to defects in the structure (Reich & Thomsen, 
2004; Song et al., 2018). The defects are in the form of amorphous carbon and do not 
have a crystalline structures which can be seen in Figure 4.1. The CHN results coupled 
with Raman data run previously, showed that the CNPs are approximately 96% carbon 
primarily with graphite and amorphous carbon structures (Song et al., 2018). This is also 
seen in the TEM images where the parallel graphite sheets are apparent. The average 
BET surface area was 1.82 m
2
/g and a Barrett–Joyner–Halenda (BJH) pore volume of 
0.0072 cm
3
/g. Graphite materials typically have a lower surface area (0.6-9.7 m
2
/g) 
compared to biochar which can range from 1.0 to 285 m
2
/g (Clarke, 1964; Hontoria-
Lucas, López-Peinado, López-González, Rojas-Cervantes, & Martín-Aranda, 1995; A. 
Mukherjee, Zimmerman, & Harris, 2011; Shornikova, Kogan, Sorokina, & Avdeev, 
2009).  The CNPs have a negative surface charge at all pH ranges, found using zeta 
potential (Table 4.1) 
 
 
Figure 4.1. SEM image of the size distribution of carbon nanoparticles (CNP) 
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Figure 4.2. TEM images demonstrating both the graphite and amorphous carbon 
structures.  
 
 
Figure 4.3. a) an AFM image of the CNPs, b) particle thickness of 100 carbon 
nanoparticles to determine average particle thickness. 
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Figure 4.4. Raman spectrum displaying a G band of graphite and D band from defects 
attributed to structure 
 
Table 4.1. Surface charge of CNP using zeta potential at pH 4, 7, and10 
pH Zeta Potential (mV) 
4 -23.9 
7 -36.7 
10 -36.7 
 
4.2 Lettuce leaf yield  
Lettuce leaf yield was investigated to determine if the CNPs had an effect on the 
growth of the lettuce plants. The following subsections are organized by season with a 
discussion section in Chapter 5. Although there was no significant difference in leaf yield 
between plants fertilized with CNPs with nutrients and without CNPs with nutrients, the 
70NPK+CNP treatment in the fall and the 30NPK+CNP AZ, 30% sand (30S), and 70% 
sand (70S) treatments in the winter had higher average leaf yields than the 70NPK and 
30NPK AZ, 30S, and 70S treatments without CNP. All p-values are listed in Appendix A 
Tables S2-S4. 
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4.2.1 Summer and fall leaf yields 
The summer leaf yields showed on average the 100NPK+CNP treatment had the 
highest yield followed by the 100NPK and 70NPK+CNP treatments (Table 4.2 and 
Figure 4.5). However, there was no statistically significant difference (p>0.10) between 
the summer 100NPK, 100NPK+CNP, and 70NPK+CNP fertilizer treatments indicating 
the CNPs are not displaying any adverse effects on plant growth. The 70NPK+CNP is 
producing comparable yields to the 100% treatments implying less fertilizer can be 
applied and still result in adequate growth. There was a significant difference (p<0.10) in 
leaf yield between the controls without nutrients and nutrient treatments. This indicates 
that the soil alone is not supplying ample nutrients for growth and an additional source of 
nutrients in necessary. Therefore, nutrient addition is required for maximized plant 
growth; however, this will lead to additional nitrogen leaching discussed in section 4.3. 
For the fall growing season, the 100NPK, 70NPK+CNP, and 70NPK had the 
highest mean values compared to all other treatments (Table 4.3 and Figure 4.5). The 
70NPK+CNP treatment is the only treatment in which the CNPs enhanced the leaf yield 
over the non-CNP treatment (70NPK), as seen in Table 4.3. The average yield for the 
70NPK+CNP was 17% higher than the 70NPK; however, there was no statistical 
difference between the two treatments due to high uncertainty within replicates. The two 
controls had the lowest growth considering no nutrients were added to the soil. The 
following treatments are ordered from least to greatest average leaf yield: 
NT<CNP<50NPK+CNP<30NPK<50NPK<100NPK+CNP<70NPK<70NPK+CNP<100NP
K. Unlike in the summer, the 100NPK treatment produced a significantly higher leaf 
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yield compared to all other treatments. To confirm if the 70NPK+CNP treatment can 
produce adequate yields compared to the 100NPK treatment, another experiment should 
be conducted. Due to the issues with germination, some fall treatments had only two 
replicates indicated by the * symbol in Table 4.3.   
Table 4.2. Average lettuce leaf yield for the summer growing season. Yields followed by 
the same letter indicate no statistical difference (p>0.10). 
Treatment Average Yield 
(kg/ha) 
Average Yield 
(g/pot) 
NT 4,710 ± 2,983 a 19.3 ± 12.2 
CNP 1,949 ± 1,053 a 8.00 ± 4.32 
100NPK 39,471 ± 9,697 b 162 ± 39.8 
100NPK+CNP 40,283 ± 10,856 b 165 ± 44.6 
70NPK+CNP 38,171 ± 3,690 b 157 ± 15.1 
 
Table 4.3. Average lettuce leaf yield for the fall growing season. Yields followed by the 
same letter indicate no statistical difference (p>0.10). 
Treatment Average Yield 
(kg/ha) 
Average Yield 
(g/pot) 
NT 6,335 ± 1,289 a 26.0 ± 5.30 
CNP 9,989 ± 4,331 ab 41.0 ± 17.8 
100NPK
* 
38,740 ± 2,412 c 159 ± 9.90 
100NPK+CNP 22,090 ± 7,570 abc 90.7 ± 31.1 
70NPK 25,989 ± 7,184 bc 107 ± 29.5 
70NPK+CNP
* 
30,456 ± 3,101 bc 125 ± 12.7 
50NPK 20,141 ± 7,050 abc 83.0 ± 28.9 
50NPK+CNP 12,507 ± 7,877 ab  51.0 ± 32.3 
30NPK 15,350 ± 7,491 abc 63.0 ± 30.7 
67 
 
Figure 4.5. Summer and fall average lettuce leaf yield per treatment in kg/ha. The 
summer experiment only had five treatments; therefore, not all treatments will have 
averages in summer and fall. Error bars are one standard deviation in each direction. 
4.2.2 Winter leaf yield 
The winter experiment altered the soil composition by adding different dry weight 
percentages of sand to the Arizona soil to increase the hydraulic conductivity. Increasing 
the hydraulic conductivity of the soil allowed for increased average leaf yield 
between the plants treated with CNPs and plants not treated with CNPs, as seen in 
Table 4.4 and Figure 4.6. The 30NPK+CNP 30% sand soil (30S) and 30NPK+CNP 
Arizona soil (AZ) produced the highest average leaf yield values followed by 30NPK AZ 
and 30NPK 30S as seen in Table 4.4. The average leaf yield for 30NPK+CNP 30S was 
24% higher than the mean yield of 30NPK 30S showing that the CNPs in the 30S soil 
type enhance growth. All the 30NPK+CNP treatments resulted in higher average yields 
than the 30NPK treatments for each soil type. However, there was no statistical 
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difference between yields for the 30NPK and 30NPK+CNP. All nutrient treatments were 
significantly higher in leaf biomass than the controls. 
Table 4.4. Average lettuce leaf yield for the winter growing season. Yields followed by 
the same letter indicate no statistical difference (p>0.10). 
Treatment Average Yield 
(kg/ha) 
Average Yield 
(g/pot) 
NT AZ 2,680 ± 1,014 b 11.0 ± 4.16 
NT 30S 2,558 ± 613 b 10.5 ± 2.52 
NT 70S 393 ± 103 a 1.61 ± 0.42 
CNP AZ 4,142 ± 281 bc 17.0 ± 1.15 
CNP 30S 2,924 ± 487 b 12.0 ± 2.00 
CNP 70S 454 ± 66 a 1.86 ± 0.27 
30NPK AZ 11,573 ± 3,500 d 47.5 ± 14.4 
30NPK+CNP AZ 11,695 ± 4,340 d 48.0 ± 17.8 
30NPK 30S 11,533 ± 4,528 d 47.3 ± 18.6 
30NPK+CNP 30S 14,253 ± 1,924 d 58.5 ± 7.90 
30NPK 70S 8,771 ± 3,732 cd 36.0 ± 15.3 
30NPK+CNP 70S 9,502 ± 2,337 d 39.0 ± 9.59 
 
 
Figure 4.6. Average leaf yield (kg/ha) for winter experiment, error bars in one standard 
deviation in each direction. 
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4.3 Nutrient balance 
Agricultural fertilizers have a consequential role on the health of the surrounding 
ecosystems; therefore, a comprehensive nutrient balance between leachate, plant tissue, 
and soil was conducted to understand the effect of CNPs on the fate of nutrients. The 
following sections will discuss leachate composition, plant tissue composition, and soil 
composition. Following these three components, the overall nutrient balance for each 
season will be compared using the leachate composition, plant tissue, and soil data. The 
data will be presented by season: summer, fall, and winter.  
4.3.1 Leachate composition 
The first component of the nutrient balance is the leachate, which was 
investigated to assess if the CNPs can reduce the amount of nutrients being leached from 
the soil into the surrounding water bodies. Nitrate is the focus of the leaching data since 
over >95% of the nitrogen leached was in the form of nitrate. Additionally, nitrate 
contaminated ground water is a pertinent problem in agricultural areas such as Salinas 
Valley (Harter & Lund, 2012). Each paragraph below represents a different season’s 
leachate data with the last paragraph discussing the other prominent nutrients that were 
leached through the soil. The soil composition had the largest impact of the CNPs effect 
on nitrate leaching which is demonstrated in the winter experiment data. The nitrate 
leaching data between CNP and non-CNP treatments in the summer and fall had 
conflicting results with the 70NPK+CNP treatment as the only CNP treatment in which 
all replicates reduced the nitrate leached compared to the 70NPK treatment. However, the 
70NPK+CNP results still highlight an important effect that over 50% of the nitrate 
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leaching is reduced between the 70NPK+CNP and 100NPK treatments while not 
compromising the leaf yield. Appendix C contains the raw data for each leachate 
collection date including volume, pH, conductivity, and cation and anion concentrations. 
In the summer growing season the 100NPK and 100NPK+CNP had similar 
average masses of nitrate leached, however the 70NPK+CNP shows over a 58% 
reduction in nitrate leaching compared to the 100NPK treatment (Figure 4.7). This 
implies that CNPs have a role in leaching rates and not just the fact that less nutrients are 
being applied through the 70NPK+CNP treatment. This is further exemplified in Figure 
4.8 in which all of the 70NPK+CNP replicates have lower total nitrate leached compared 
to the 100NPK and 100NPK+CNP treatments with averages of 11.4, 27.5, and 33.8 kg 
NO3
-
/ha, respectively. 
 
Figure 4.7. Summer Leachate-Average cumulative nitrate leached (×10
-6
 kg) versus 
cumulative volume collected (L).  
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Figure 4.8. Total nitrate leached for each replicate per treatment for the summer growing 
season in kg/ha. 
The 70NPK+CNP had 45% and 54% less nitrate leached compared to the 70NPK 
and 100NPK treatments, respectively. The 70NPK treatment averaged 19.7 kg/ha of 
nitrate leached compared to the 70NPK+CNP treatment leaching an average of 10.8 
kg/ha. The 70NPK+CNP treatment was the only treatment that increased yield and 
reduced nitrate compared to the non-CNP (70NPK) treatment. The slopes in the subplot 
of the 70% treatments in Figure 4.8 show that initially the 70NPK+CNP treatment had a 
slower rate of nitrate leaching. The slope between the 70NPK and 70NPK+CNP 
treatments then become similar after the second collection. The 70NPK+CNP was the 
only observed treatment with a flat initial slope and that reduced nitrate leaching over the 
non-CNP (70NPK) treatment. The slopes between the 50NPK and 50NPK+CNP 
treatments were similar with the 50NPK+CNP treatment having a lower overall average 
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nitrate leached; however there was high uncertainty between replicates (Figure 4.9 and 
4.10). The treatments resulting in the average lowest nitrate leached were as follows from 
least to greatest: 
30NPK<70NPK+CNP<50NPK+CNP<70NPK<50NPK<100NPK<100NPK+CNP. The 
30NPK+CNP data was not included because only one replicate grew and, therefore, 
cannot be considered a representative sample. There was high uncertainty within the fall 
leaching data due to germination issues and overall plant growth; however, there is a 
consistent trend of lower nitrate leaching in the 70NPK+CNP treatment compared to the 
70NPK dose. 
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Figure 4.9. Fall Leachate-Average cumulative nitrate leached (×10
-6
 kg) versus 
cumulative volume collected (L). Below the main graph are two subplots highlighting the 
70NPK and 70NPK+CNP treatments on the left and the 50NPK and 50NPK+CNP 
treatments on the right. 
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Figure 4.10. Total nitrate leached for each replicate per treatment for the fall growing 
season in kg/ha. 
The 30NPK+CNP 70S treatment leached less nitrate than the 30NPK 70S 
treatment for all replicates except one outlier in the winter experiments (Figure 4.11 and 
4.12). Figure 4.11 shows similar slopes between the CNP fertilizer treatments and 
fertilizer treatments without CNPs can be observed. However, the 30NPK+CNP 30S and 
70S treatments had lower average nitrate leaching compared to the 30NPK 30S and 70S 
treatments indicating the overall rate of nitrate leached was lower with the CNPs. The 
CNPs did not have an effect in the Arizona soil for the 30NPK+CNP treatment. The 
30NPK+CNP AZ nitrate leaching rates were elevated compared to the fall 30NPK and 
30NPK+CNP leaching due to a lower yield produced in the winter experiment compared 
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to the fall, 11,573 kg/ha compared to 15,350 kg/ha and 23,877 kg/ha, respectively. The 
mass of nitrate leached between the NT and CNP treatments was similar between all soil 
types with slightly lower leaching in the 70S soil type due to lower amounts of nitrogen 
naturally present in the soil. 
 
  
 
Figure 4.11. Winter Leachate-Average cumulative nitrate leached (×10
-6
 kg) versus 
cumulative volume collected (L). The subplots below the main graph highlight the 
30NPK AZ and 30NPK+CNP AZ treatment on the left, and the 30NPK 30S, 
30NPK+CNP 30S, 30NPK 70S, and 30NPK+CNP 70S on the right.  
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Figure 4.12. Total nitrate leached for each replicate per treatment for the winter growing 
season in kg/ha. The average for each treatment is indicated in red. 
The CNPs did not have a major effect on the other prominent nutrients leached for 
summer and fall. High levels of sodium, calcium, chloride, and sulfate were leached out 
at similar rates for all fertilized treatments (Table 4.5-4.7). There was a reduction in 
average sodium, potassium, calcium, chloride, and sulfate leached in the winter 
experiment between the 30NPK+CNP 70S and 30NPK 70S treatments (Table 4.7). 
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Table 4.5 Average nutrient leached for summer experiment with one standard deviation. 
The superscript after the treatment refers to the number of samples that were averaged 
based on how many plants grew.  
` Na K Ca Cl SO4 
Treatment kg/ha kg/ha kg/ha kg/ha kg/ha 
NT6 223±60.1 7.08±1.81 63.4±17.7 279±78.5 173±44.1 
CNP4 246±20.9 8.97±0.882 70.6±12.5 311±36.5 268±259 
100NPK4 130±59.8 4.99±1.90 64.8±39.2 162±91.6 74.3±22.0 
100NPK+CNP3 155±23.5 16.6±8.13 76.0±19.0 188±27.7 93.4±30.0 
70NPK+CNP3 101±36.8 4.00±0.345 39.9±19.8 111±38.4 52.9±16.3 
 
Table 4.6 Average nutrient leached for fall experiment with one standard deviation. The 
superscript after the treatment refers to the number of samples that were averaged based 
on how many plants grew. 
` Na K Mg Ca Cl SO4 
Treatment kg/ha kg/ha kg/ha kg/ha kg/ha kg/ha 
NT3 175±41.8 6.89±3.17 16.7±7.35 54.3±16.5 269±37.6 100±40.0 
CNP4 153±88.9 5.39±3.70 15.5±8.74 45.7±26.3 220±128 75.6±45.7 
100NPK2 123±94.8 14.2±16.0 12.3±9.97 50.7±36.0 197±147 65.8±55.0 
100NPK+CNP3 222±64.5 17.2±3.40 20.0±3.40 79.4±5.60 332±99.3 101±29.9 
70NPK3 204±58.8 12.5±5.49 19.2±7.29 69.9±10.9 288±72.2 102±42.8 
70NPK+CNP2 171±12.3 12.6±3.51 20.4±1.47 49.6±4.48 223±1.46 99.4±20.3 
50NPK3 173±55.3 12.7±5.46 18.3±9.11 61.5±23.8 250±78.4 89.0±34.3 
50NPK+CNP3 191±93.3 11.9±4.05 16.9±9.40 51.0±22.9 288±124 91.2±51.7 
30NPK4 177±88.0 7.90±4.47 14.3±9.17 57.6±26.5 274±132 89.4±49.3 
30NPK+CNP1 164 3.24 13.9 87.3 359 96.6 
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Table 4.7 Average nutrient leached for winter experiment with one standard deviation. 
The superscript after the treatment refers to the number of samples that were averaged 
based on how many plants grew. 
` Na K Mg Ca Cl SO4 
Treatment kg/ha kg/ha kg/ha kg/ha kg/ha kg/ha 
NT AZ4 142±38.1 5.36±0.74 7.65±1.51 59.1±19.2 181±46.8 90.8±33.0 
NT 30S4 148±46.2 5.10±2.05 9.07±2.42 55.0±18.3 191±57.0 83.5±33.3 
NT 70S4 199±29.5 7.33±1.33 13.5±1.53 64.2±9.09 260±32.0 102±22.2 
CNP AZ4 181±27.9 7.65±1.78 11.1±3.21 69.3±9.09 219±31.4 115±18.9 
CNP 30S3 214±33.8 7.47±0.67 11.6±2.65 74.4±9.18 265±42.3 132±19.5 
CNP 70S4 218±27.1 7.04±0.86 13.1±2.35 65.3±9.46 259±34.7 116±21.1 
30NPK AZ4 81.1±39.4 2.73±1.38 4.76±2.33 34.4±20.8 107±50.9 47.9±25.4 
30NPK+CNP AZ4 135±59.5 4.70±2.66 8.12±3.42 55.8±27.7 165±76.4 77.0±33.8 
30NPK 30S3 111±15.6 3.63±1.04 7.26±1.30 42.7±12.8 140±26.6 62.5±5.43 
30NPK+CNP 30S4 120±55.6 4.13±2.10 7.64±3.86 41.9±22.8 147±66.3 72.6±37.6 
30NPK 70S4 163±19.1 4.33±1.38 14.5±3.94 58.2±11.7 205±33.0 80.3±10.5 
30NPK+CNP 70S4 126±46.2 3.40±1.36 10.4±3.52 42.6±17.8 171±60.1 56.7±19.8 
4.3.2 Plant tissue composition 
Plant tissue was investigated to determine if the CNPs assist with nutrient uptake 
into the plant. The data is presented by summer, fall, and winter experiments. The CNPs 
did not have an observable effect on the nitrogen, phosphorus, sulfur or zinc plant tissue 
content. However, there was slight increases in potassium and magnesium uptake into the 
plant. The typical ranges of romaine lettuce leaf nutrient content at harvest are as follows: 
33-48 g N/kg, 29-78 g K/kg, 6-11 g Ca/kg, and 2.5-4.5 g Mg/kg (Timothy K. Hartz et al., 
2007).  
In the summer experiment, similar nitrogen uptake was seen between 100NPK 
and 100NPK+CNP treatments and less nitrogen in the 70NPK+CNP tissue. None of the 
treatments fell within the optimum ranges of nitrogen content in the lettuce leaf (Table 
4.8 Part B). This can be a function of the CNPs not having an impact on nitrogen uptake 
to the plant in Arizona soil combination with less nitrogen applied in the 70% treatment. 
The CNPs had no effect on leaf nitrogen, phosphorus, and potassium tissue content 
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(Table 4.8).  However, the 70NPK+CNP treatment had the highest concentrations of 
potassium in the roots and magnesium in the leaf and root compared to the 100NPK and 
100NPK+CNP treatments (Table 4.8, Appendix B Figures S.6, S.7, S.9). Considering 
that no magnesium was added through fertilization and it is naturally present in the soil, 
fertilized plants had an equal chance for magnesium uptake since they were all 
comparable in yield. The 70NPK+CNP root tissue was higher in mass of both potassium 
and magnesium compared to 100NPK treatment, implying CNPs can increase access of 
potassium and magnesium to the root hairs.  
The fall results in Table 4.9 had variable outcomes compared to the summer 
experiment. The nitrogen content was the same between CNP and treatments without 
CNPs (e.g. 70NPK and 70NPK+CNP), meaning the CNPs did not have an impact on 
nitrogen uptake, which was seen in both the summer and fall experiments (Table 4.8 and 
4.9). However, Table 4.9 Part B shows that treatments 100NPK, 100NPK+CNP, 
70NPK+CNP, and 50NPK all fell within optimum nitrogen content concentrations for 
proper lettuce growth. The trend of higher magnesium and potassium content in CNP 
enhanced treatments was not found in this experiment (Appendix B Figure S.10-S.13). 
The average concentrations of potassium, magnesium, and calcium for all treatments did 
fall in the optimum nutrient sufficiency ranges (Table 4.9 Part B). There is a slight 
increase in the magnesium leaf content in the 70NPK+CNP treatment over the 70NPK 
treatment meaning the CNPs may have enhanced magnesium uptake (Appendix B Figure 
S.10).   
80 
In the winter experiment treatments 30NPK+CNP AZ, 30S, and 70S had higher 
average nutrient content compared to 30NPK AZ, 30S, and 70S treatments shown in 
Table 4.10. The CNP treatments had on average 12-13% more nitrogen, potassium, and 
magnesium in the plant tissue compared to the treatments without CNPs. There was a 
consistent trend of the 70S treatments having a lower nutrient content. In Appendix B 
Figures S.14-S.17 show the trend of increased average nutrient content in the CNP 
treated plants for both the potassium and magnesium leaf and root content which is in 
agreement with summer tissue data.  
Table 4.8. Part A is the average nutrient content in harvested plant tissue for summer 
experiment. The average is a total of the root and leaf samples for replicates within each 
treatment with one standard deviation. Part B is the average concentration of nutrients in 
the harvest lettuce leaf. The superscript after the treatment refers to the number of 
samples that were averaged based on how many plants grew. 
Part A N P K Mg Ca S Zn 
Treatment kg/ha kg/ha kg/ha kg/ha kg/ha kg/ha kg/ha 
NT6 9.33±6.03 0.955±0.791 27.1±23.6 2.45±1.96 8.52±6.76 1.20±1.08 0.018±0.014 
CNP4 4.00±1.74 0.324±0.140 11.8±4.88 0.698±0.320 2.55±1.09 0.412±0.179 0.005±0.002 
100NPK4 96.2±28.6 16.3±5.55 236±92.0 17.6±6.74 82.4±48.4 14.0±4.07 0.169±0.059 
100NPK+CNP3 88.4±26.4 10.5±6.28 252±178 21.4±12.9 65.7±41.7 11.5±6.96 0.163±0.100 
70NPK+CNP3 69.6±1.84 19.5±8.08 373±165 25.4±7.16 82.5±14.4 19.6±6.93 0.219±0.046 
Part B 
Treatment 
N 
g/kg 
P 
g/kg 
K 
g/kg 
Mg 
g/kg 
Ca 
g/kg 
S 
g/kg 
Zn 
g/kg 
NT6 17.3 0.77 15.6 2.97 8.93 1.12 0.024 
CNP4 20.4 1.70 70.4 3.10 13.7 2.10 0.020 
100NPK4 24.0 3.08 51.2 2.60 10.8 2.53 0.026 
100NPK+CNP3 21.6 0.80 8.00 3.37 7.60 1.27 0.026 
70NPK+CNP3 16.3 1.83 17.3 3.07 7.30 1.87 0.028 
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Table 4.9. Part A is the average nutrient content in harvested plant tissue for fall 
experiment. The average is a total of the root and leaf samples for replicates within each 
treatment with one standard deviation. Part B is the average concentration of nutrients in 
the harvest lettuce leaf. The superscript after the treatment refers to the number of 
samples that were averaged based on how many plants grew. 
Part A N P K Mg Ca S Zn 
Treatment kg/ha kg/ha kg/ha kg/ha kg/ha kg/ha kg/ha 
NT3 13.5±3.85 2.26±1.66 30.7±11.1 2.61±2.04 8.05±5.33 1.69±1.03 0.023±0.020 
CNP4 19.4±6.45 3.25±0.860 45.3±16.3 3.72±1.61 13.2±4.20 2.25±0.72 0.037±0.014 
100NPK2 70.6±16.9 7.36±0.739 161±13.0 9.02±1.52 30.4±2.72 7.51±1.02 0.105±0.012 
100NPK+CNP3 42.4±5.23 4.41±0.969 90.7±20.0 5.74±1.51 18.3±3.88 4.22±1.00 0.061±0.004 
70NPK3 44.9±6.68 5.10±0.940 105±11.8 6.51±0.083 26.3±9.70 4.40±0.563 0.068±0.003 
70NPK+CNP2 47.6±6.09 5.49±0.522 114±16.8 6.48±0.076 19.5±1.63 5.34±0.732 0.070±0.005 
50NPK3 39.7±11.3 3.95±1.10 83.6±20.4 4.45±1.48 18.4±7.29 3.34±0.963 0.048±0.017 
50NPK+CNP3 29.5±20.7 3.70±2.69 69.9±50.1 5.04±3.96 16.5±12.4 3.43±2.26 0.049±0.037 
30NPK4 28.4±15.4 5.41±5.10 111±106 5.43±4.79 21.2±20.7 4.27±3.69 0.050±0.044 
30NPK+CNP1 40.2 6.78 124 9.12 30.1 6.39 0.081 
Part B 
Treatment 
N 
g/kg 
P 
g/kg 
K 
g/kg 
Mg 
g/kg 
Ca 
g/kg 
S 
g/kg 
Zn 
g/kg 
NT3 26.3 3.23 55.9 2.90 11.3 2.47 0.026 
CNP4 18.5 2.98 42.8 2.28 9.03 1.73 0.026 
100NPK2 34.3 3.45 78.1 3.35 12.8 3.15 0.042 
100NPK+CNP3 36.6 3.43 74.7 3.30 12.9 3.20 0.039 
70NPK3 32.1 3.63 80.0 3.23 16.7 2.97 0.036 
70NPK+CNP2 36.6 3.95 88.3 3.65 12.5 3.65 0.042 
50NPK3 36.4 3.63 81.8 3.43 12.7 3.23 0.036 
50NPK+CNP3 26.9 2.87 60.1 2.63 11.1 2.27 0.028 
30NPK4 27.0 3.23 68.9 2.80 11.5 2.45 0.028 
30NPK+CNP1 13.6 2.20 40.8 2.40 9.7 1.70 0.023 
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Table 4.10. Part A is the average nutrient content in harvested plant tissue for winter 
experiment. The average is a total of the root and leaf samples for replicates within each 
treatment with one standard deviation. Part B is the average concentration of nutrients in 
the harvest lettuce leaf. The superscript after the treatment refers to the number of 
samples that were averaged based on how many plants grew. 
Part A N P K Mg Ca S Zn 
Treatment kg/ha kg/ha kg/ha kg/ha kg/ha kg/ha kg/ha 
NT AZ
4 
7.62±1.34 0.70±0.11 15.0±2.80 0.99±0.18 2.80±0.58 0.79±0.13 0.007±0.001 
NT 30S
4 
6.23±1.33 0.60±0.18 13.2±3.39 0.98±0.24 2.75±0.77 0.69±0.15 0.006±0.002 
NT 70S
4 
1.15±0.61 0.13±0.07 2.55±1.38 0.22±0.12 0.53±0.28 0.12±0.06 0.001±0.001 
CNP AZ
4 
11.9±1.33 0.86±0.17 21.0±2.44 1.33±0.25 4.05±0.74 0.98±0.16 0.01±0.001 
CNP 30S
3 
7.30±0.81 0.72±0.08 15.3±2.37 1.14±0.15 3.25±0.33 0.78±0.09 0.007±0.001 
CNP 70S
4 
1.66±0.51 0.22±0.07 3.86±1.09 0.32±0.09 0.82±0.25 0.20±0.06 0.002±0.001 
30NPK AZ
4 
33.6±9.39 2.19±0.47 59.3±13.9 4.11±1.34 13.3±4.58 3.05±1.00 0.03±0.01 
30NPK+CNP AZ
4 
37.3±10.8 2.25±0.76 62.9±21.8 4.47±2.05 14.4±8.05 3.16±1.09 0.03±0.01 
30NPK 30S
3 
29.7±10.6 2.21±0.85 58.0±22.0 4.65±2.20 12.6±6.06 2.70±1.12 0.03±0.02 
30NPK+CNP 30S
4 
37.9±3.58 2.97±0.23 71.0±4.43 5.20±0.92 15.6±2.91 3.39±0.48 0.04±0.01 
30NPK 70S
4 
27.8±6.36 1.49±0.62 39.3±17.4 3.35±1.26 8.49±3.48 1.97±0.78 0.02±0.01 
30NPK+CNP 70S
4
 30.4±7.82 1.74±0.43 46.8±8.40 4.09±1.27 10.4±2.94 2.23±0.57 0.02±0.01 
Part B 
Treatment 
N 
g/kg 
P 
g/kg 
K 
g/kg 
Mg 
g/kg 
Ca 
g/kg 
S 
g/kg 
Zn 
g/kg 
NT AZ
4
 20.8 1.60 35.7 1.65 7.15 1.60 0.013 
NT 30S
4
 14.4 1.20 25.3 1.38 5.93 1.23 0.009 
NT 70S
4
 13.9 1.50 26.0 1.90 6.40 1.20 0.010 
CNP AZ
4
 22.3 1.38 34.6 1.58 7.18 1.50 0.012 
CNP 30S
3
 16.0 1.43 29.4 1.63 6.97 1.30 0.009 
CNP 70S
4
 11.5 1.50 22.1 1.60 5.80 1.10 0.009 
30NPK AZ
4
 21.3 1.28 37.2 1.53 7.30 1.53 0.012 
30NPK+CNP AZ
4
 25.5 1.28 38.8 1.83 7.90 1.68 0.014 
30NPK 30S
3
 18.8 1.23 35.6 1.73 7.00 1.40 0.011 
30NPK+CNP 30S
4
 19.3 1.30 34.1 1.68 7.13 1.28 0.013 
30NPK 70S
4
 15.6 0.85 22.2 1.50 5.38 1.05 0.007 
30NPK+CNP 70S
4
 17.9 0.95 26.5 1.65 6.00 1.18 0.010 
 
4.3.3 Soil composition 
         A soil analysis was conducted on the summer soil in which an initial representative 
sample was taken before planting and subsequently from each pot after harvesting (Table 
4.11). The results indicate that there were high levels of phosphorus, potassium, 
magnesium, calcium, sulfur, boron, manganese, iron, and copper present in the soil 
initially (Table 2.2). TKN was also present in high amount but not readily available to the 
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soil considering it is the sum of total ammonia and organic nitrogen. Nitrate was present 
in lower quantities, which was a limiting factor to plant growth seen in the NT and CNP 
yields. The pH was above 8 and organic matter was 0.54%, which is typically not 
conducive for growing. The post-harvest sample had similar nutrient concentrations for 
phosphorus, calcium, zinc, manganese, and TKN. Potassium and magnesium were 
depleted for the fertilized pots over the non-fertilized pots most likely due to the 
enhanced growth of the lettuce in the fertilized treatments, which took up more nutrients. 
There was no depletion of nitrate in the fertilized treatments indicating that ample 
nitrogen was applied to the soil for adequate growth. Conversely, the nitrate was depleted 
in the NT and CNP treatments compared to the pots that were only irrigated with no 
plants showing that naturally available nitrogen in the soil was used for plant growth for 
unfertilized plants. A large majority of the nutrients naturally found in the soil and 
applied through fertilizer either end up in the plant tissue or remain in the soil matrix. 
Therefore, a soil analysis in necessary to have a full understanding of the fate of the 
nutrients and have a complete nutrient balance.  
Table 4.11. Average soil nutrient content for summer experiment. The initial sample was 
a general representative sample taken before planting. 
Treatment TKN NO3
- P K Mg Ca Zn pH CEC 
 kg/ha kg/ha kg/ha kg/ha kg/ha kg/ha kg/ha  meq/100 g 
Initial 780 4.68 47.2 377 281 4062 2.73 8.40 31.5 
Post-Harvest          
NT 650±94.4 3.32±3.16 40.4±2.43 289±45.5 312±29.6 4264±65.6 2.66±0.217 8.20 32.5 
CNP 643±117 2.47±0.487 40.4±3.61 273±36.8 275±6.87 4164±64.8 2.25±0.08 8.45 31.6 
100NPK 663±78.0 9.89±6.23 46.7±4.63 210±34.1 302±23.3 4413±107 3.15±0.430 8.28 33.2 
100NPK+CNP 754±45.0 32.7±34.7 45.0±3.75 206±45.5 282±35.7 4341±181 3.05±0.557 7.78 32.9 
70NPK+CNP 650±45.0 8.09±5.00 41.7±1.95 192±23.2 279±14.4 4210±25.2 2.96±0.372 7.93 32.0 
NPNT 728±45.0 8.26±4.02 38.1±1.37 258±19.0 303±13.9 4268±152 2.69±0.103 7.70 32.6 
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4.3.4 Overall nutrient balance 
The following sections are nutrient balances for the summer, fall and winter 
experiments. The purpose of the balance is to understand where the nutrients are ending 
up and how the CNPs are effecting each component. Nitrogen (N) was the only nutrient 
considered because it is the main macronutrient of concern in this thesis due to nitrate 
contamination to water bodies. Additionally, potassium was found at high levels naturally 
in the soil and phosphorus is easily bound in the soil and does not leach; therefore, a 
nutrient balance was not performed for either. The nitrogen leachate, plant tissue, and soil 
data presented in the previous sections were used to formulate a nutrient balance for each 
season.  
The initial N values for the summer growing season were calculated by summing 
the initial amount of nitrogen in the soil and the amount of nitrogen added from 
fertilization. Soil data was only collected for the summer experiment and, therefore, is 
only applicable to the summer nutrient balance. The fall and winter were only partial 
nutrient balances since leachate and plant tissue were only considered. The initial N 
values for the fall and winter growing seasons were calculated based on the amount of 
nitrogen added from fertilizer. Part A: Initial N is the average amount of nitrogen applied 
through fertilizer, and found naturally in the soil (summer only). Part A: Post-Harvest is 
the average N content in the leachate, plant tissue, and post-harvest soil. Table 4.12 Part 
B is the percent of the total nitrogen within leachate, plant tissue, and soil at the end of 
the harvest. This was calculated by separately dividing the total nitrogen of the leachate, 
plant tissue, and soil by the initial amount of nitrogen. Subsequently, the percentage of 
85 
added nitrogen from fertilizer was then calculated for leachate and plant tissue in Part C 
of Table 4.12 and Part B of Tables 4.13 and 4.14. The values in Table 4.12 Part C and 
Table 4.13-4.14 Part B represent how much of the nitrogen applied from fertilization 
ended up in the leachate and plant tissue. The plant tissue percentages represent the 
efficiency of nitrogen uptake for each treatment. Table 4.12 Part C and Table 4.13-4.14 
Part B was calculated using Equation 4.1 by subtracting the no treatment data from the 
fertilizer treatment data then dividing by the total amount of nitrogen applied from 
fertilizer for each treatment.  
Equation 4.1                            𝑷𝒆𝒓𝒄𝒆𝒏𝒕 𝒐𝒇 𝑵 𝒂𝒅𝒅𝒆𝒅 =
𝑵−𝑵𝒐
𝑻𝑭
 
N: amount of nitrogen in the leachate or plant tissue, No: amount of nitrogen in the no 
fertilizer leachate or no fertilizer plant tissue, TF: total amount of nitrogen added from 
fertilizer 
4.3.4.1 Summer Nutrient Balance 
The largest percentage of the initial nitrogen was supplied naturally by the soil in 
the form of TKN (Table 4.12 Part A). The 100NPK+CNP treatment showed no depletion 
of the soil N content, while both the 100NPK and 70NPK+CNP had an average depletion 
of ~15%. This implies that in the 100NPK+CNP treatment had an ample amount of 
nitrogen from the added fertilizer and did not deplete the nitrogen content in the soil. The 
nitrogen content in the leachate, plant tissue, and post-harvest soil for each treatment 
totaled to 85, 83, 81, 93, 80% of the initial N available for NT, CNP, 100NPK, 
100NPK+CNP, and 70NPK+CNP, respectively (Table 4.12 Part B). Therefore, the 
nitrogen mass balance was within 20% of the initial nitrogen available with losses 
attributed to nitrogen volatilization, microbial activity, and analytical error. When 
investigating the fate of applied N from fertilizer, 14, 17, and 8% of applied nitrogen was 
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found in the leachate and 44, 40, and 44% was in the plant tissue for treatments 100NPK, 
100NPK+CNP, and 70NPK+CNP, respectively (Table 4.12 Part C, Figure 4.13). The 
nitrogen uptake efficiency in the plant tissue was very similar between all three fertilized 
treatments, which is in agreement with quantities of N in the leaf found in Table 4.8 
(Table 4.12 Part C). The 70NPK+CNP had approximately half of the average amount of 
applied nitrogen leached compared to the 100NPK+CNP and 100NPK fertilizer 
treatments. Figure 4.14 shows that the lower the yield the higher the amount of nitrogen 
leached for most replicates. The 70NPK+CNP treatment produced comparable yields to 
the 100% treatments but had lower nitrogen leached is reaffirmed in Figure 4.14. 
Detailed tables for each replicate for all summer treatments are in Appendix A Tables 
S.5-S.9. 
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Table 4.12. Overall average nutrient balance between leachate, plant tissue, and soil for 
the summer growing season. Part A is in units of average kg/ha for each treatment and 
Part B and C are percentages 
Part A. Average nitrogen content found initially and post-harvest per fertilizer treatment (kg/ha) 
 NT CNP 100NPK 100NPK+CNP 70NPK+CNP 
Initial N      
Fertilizer 0.00 0.00 196 196 137 
Soil 784 784 784 784 784 
Post-Harvest      
Leachate 0.87 0.31 27.0 34.0 11.4 
Plant tissue 9.30 4.00 96.0 88.0 70.0 
Soil 653 646 673 786 658 
Part B. Percentage of nitrogen after harvest between leachate, plant tissue, and post-harvest soil (%) 
Post-Harvest NT CNP 100NPK 100NPK+CNP 70NPK+CNP 
Leachate 0.111 0.040 2.81 3.45 1.24 
Plant tissue 1.19 0.51 9.82 9.02 7.55 
Post- Harvest Soil 83.3 82.3 68.6 80.2 71.4 
Total 84.6 82.9 81.3 92.7 80.2 
Part C. Percentage of added nitrogen in the leachate and plant tissue (%) 
Post-Harvest   100NPK 100NPK+CNP 70NPK+CNP 
Leachate   13.6 16.9 7.70 
Plant tissue   44.4 40.4 44.0 
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Figure 4.13 Summer nutrient balance of applied nitrogen. All positive values are inputs 
of nitrogen from fertilizer, and all negative values are considered outputs of nitrogen 
through leachate, leaf tissue, or root tissue. 
 
Figure 4.14 Summer leaf yield versus total nitrate leached. Symbols outlined in red 
indicate the average for that treatment. Treatments are grouped by color, and an open 
symbol represents a treatment with CNP added. 
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4.3.4.2 Fall Nutrient Balance 
        The largest portion of applied nitrogen was found in the plant tissue for the fall 
experiment, which follows the trends seen in the summer data (Table 4.12). The 
70NPK+CNP and 50NPK+CNP treatments reduced the average nitrogen leached by half 
compared to the 70NPK and 50NPK treatments (Table 4.13 Part B). The 100NPK+CNP 
showed an increase in nitrogen leached compared to the 100NPK treatment. This is also 
exemplified in the 100NPK+CNP nitrogen tissue content, which is lower than 100NPK 
and was leached through the soil profile instead of being adsorbed by the roots (Figure 
4.15). In Table 4.13 Part C, 100NPK, 70NPK, 70NPK+CNP, and 50NPK, and 30NPK all 
had similar uptake efficiencies of nitrogen into the plant tissue averaging ~25%. This 
means 25% of the added nitrogen from fertilizer is taken up into the plant tissue. Figure 
4.16 is the leaf yield versus the total nitrate leached per replicate for each treatment. The 
NT and CNP treatments were not included for clarity of the graph. There is not as clear of 
a trend of lower nitrate leached for lower yields. Overall, the nitrogen uptake efficiency 
into the plant tissue was similar between most treatments, but the average amount of 
nitrogen leached was reduced by half for the 70NPK+CNP and 50NPK+CNP compared 
to the bulk 70NPK and 50NPK treatments.  
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Table 4.13. Overall average nutrient balance between leachate and plant tissue for the fall 
growing season. Part A is in units of average kg/ha for each treatment and Part B and C 
are percentages 
 
Initial N 
Part A Average nitrogen content found initially and post-harvest per fertilizer treatment 
(kg/ha) 
 NT CNP 100NP
K 
100NPK+
CNP 
70NP
K 
70NPK+
CNP 
50N
PK 
50NPK
+CNP 
30N
PK 
Fertilizer 0 0 196 196 137 137 98 98 59 
Post-
Harvest 
Leachate 6.10 5.85 23.4 30.5 19.7 10.8 21.
3 
14.6 8.0
8 
Plant tissue 13.5 19.4 70.6 42.4 44.9 47.6 39.
7 
29.5 28.
4 
 Part B Percentage of added nitrogen in the leachate and plant tissue (%) 
Post-
Harvest 
   100NP
K 
100NPK+
CNP 
70NP
K 
70NPK+
CNP 
50N
PK 
50NPK
+CNP 
30N
PK 
Leachate   8.8 13 10 3 16 9 3 
Plant tissue   29 15 23 25 27 16 25 
 
Figure 4.15 Fall nutrient balance of applied nitrogen. All positive values are inputs of 
nitrogen from fertilizer, and all negative values are considered outputs of nitrogen 
through leachate, leaf tissue, or root tissue. 
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Figure 4.16 Fall leaf yield versus total nitrate leached. Symbols outlined in red indicate 
the average for that treatment. Treatments are grouped by color and symbol, and an open 
symbol represents a treatment with CNP added. 
4.3.4.3 Winter Nutrient Balance 
On average, there was less nitrogen leached and more nitrogen in the plant tissue 
for the 30NPK+CNP 30S and 30NPK+CNP 70S treatments compared to the 30NPK 30S 
and 30NPK 70S treatments (Table 4.14 and Figure 4.17). The nitrogen leached was 
reduced by over half between the 30NPK+CNP and 30NPK treatments in the 30S and 
70S soil compositions. The CNP fertilized plants had higher average percentages of 
nitrogen in the plant tissue compared to the non-CNP fertilized plants (Table 4.14 Part 
B). Leaf yield was plotted versus the total amount of nitrate leached in Figure 4.18 to 
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show trends if lower yields led to higher amounts of nitrate leaching for the winter 
experiments. For some of the replicates, the lower the value on the yield value, the higher 
the nitrate leached value. This trend is highlighted in the 30NPK+CNP AZ, 30NPK 30S, 
and 30NPK+CNP 70S treatments. 
Table 4.14. Overall average nutrient balance between leachate and plant tissue for the 
winter growing season. Part A is in units of average kg/ha for each treatment and Part B 
and C are percentages 
 
 
Initial 
N 
Part A Average nitrogen content found initially and post-harvest per fertilizer 
treatment (kg/ha) 
 NT AZ 
NT 
30S 
NT 
70S 
CNP 
AZ 
CNP 
30S 
CNP 
70S 
30NPK 
AZ 
30NPK+C
NP AZ 
30NPK 
30S 
30NPK+
CNP 30S 
30NP
K 70S 
30NPK
+CNP 
70S 
             
Fertilizer 0 0 0 0 0 0 59 59 59 59 59 59 
Post-
Harve
st 
Leachate 3.6 4.1 1.4 3.1 3.6 1.5 4.3 15 6.8 5.3 14 6.4 
Plant 
tissue 
7.6 6.2 1.2 12 7.3 1.7 34 37 30 38 28 30 
Post-
Harve
st 
Part B Percentage of added nitrogen in the leachate and plant tissue (%)  
Leachate       1.2 19 4.7 2.2 22 8.5 
Plant 
tissue 
      44 50 40 54 45 50 
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Figure 4.17 Winter nutrient balance of applied nitrogen. All positive values are inputs of 
nitrogen from fertilizer, and all negative values are considered outputs of nitrogen 
through leachate, leaf tissue, or root tissue. 
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Figure 4.18 Winter leaf yield versus total nitrate leached. Symbols outlined in red 
indicate the average for that treatment. Treatments are grouped by color and soil types by 
symbol, and an open symbol represents a treatment with CNP added. 
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CHAPTER 5 
DISCUSSION 
5.1 Effect of CNPs on leaf yield 
The statistical results in Tables 4.2-4.4 show that the CNPs do not hinder lettuce 
leaf growth by producing comparable or increased lettuce leaf yields with no significant 
difference between the CNP treatments and treatments without CNPs. The CNPs in this 
study have been applied in both lab scale and field trials and shown a positive impact on 
growth through the following suggested mechanisms: increased nutrient adsorption and 
active transport of nutrients to the roots, enhanced synthesis of starch which in turn 
increased the carbohydrate production and photosynthesis, and an increase in 
mitochondria within the plants (Song et al., 2018). These mechanisms could be a 
contributing factor in the increase in average leaf yield found in some of the CNP 
fertilized plants. Additionally other types of CNPs such as carbon nanotubes on cotton 
and terrestrial plant and carbon nano-onions on gram plants have had a positive impact on 
germination and yield (Lara-Romero et al., 2017; Sawant, 2016; Sonkar et al., 2012). 
While some CNP treatments had a higher average leaf yield over the non-CNP 
treatments, there was no statistical difference in leaf yield between the treatments 
receiving fertilizer combined with CNPs and fertilizer without CNPs. Additionally, some 
treatments in the fall showed lower average leaf yield in CNP treatments compared to 
non-CNP treatments (Table 4.3). Many other studies involving different types of carbon 
nanomaterials showed a positive effect on germination using a growth medium or directly 
applied the carbon nanoparticles through a suspended solution to the seeds, which would 
eliminate the complexity of a soil matrix. These resulted in an increase in germination 
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and growth for crops such as bitter melon, tomato, and barley possibly due to the direct 
contact of the seeds with the nanoparticles (Mariya V Khodakovskaya et al., 2013; Kole 
et al., 2013; Lahiani et al., 2015). In a study by Khodakovskaya et.al (2013) and 
Villagarcia et.al, (2012), it was found that surface chemistry and charge play an important 
role on physiological responses of tomato plants. The size, shape, and crystallinity of the 
nanoparticles also are a large contributing factor (Mariya V Khodakovskaya et al., 2013; 
Villagarcia, Dervishi, Silva, Biris, & Khodakovskaya, 2012). They found that the higher 
the negative surface charge and better dispersed the functionalized CNTs were, the higher 
the tomato growth (Mariya V Khodakovskaya et al., 2013). The CNPs used in this study 
have a negative surface charge, are hydrophobic, and do not stay dispersed well in the 
fertilizer solution, which may have had an impact on their effect on yield. In addition, 
they vary greatly in size and have crystalline and non-crystalline structure, which can also 
contribute to their overall effect.  
The 70NPK+CNP performed comparably to the 100NPK treatment in summer 
and fall but there was no statistical difference between the two unlike what was found in 
the Chinese field experiments in which the 70NPK+CNP significantly increased crop 
yields. These results could be a function of several different factors discussed below. The 
germination issues caused by the Arizona soil properties created uncertainty in the data 
for the summer and fall growing seasons. The germination issues were attributed to 
mechanical resistance in which the seedling encountered difficulty emerging through the 
soil surface (Letey, 1985). In addition, the Arizona soil used in these experiments has 
different properties than the soil found in China such as lower organic matter content and 
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higher pH, which are not conducive for growing. In addition, the semi-arid climate of 
Arizona is different from the subtropical regions of China in which many of the field 
trials took place.  
5.2 Effect of CNP properties on nutrient mobility 
The nitrate leaching data between CNP and non-CNP treatments in the summer 
and fall had varying results in which the 70NPK+CNP treatment as the only CNP 
treatment where all replicates had reduced nitrate leaching compared to the 70NPK 
treatment (Figure 4.10). The 50NPK+CNP treatment had a lower average nitrate leached 
compared to the 50NPK treatment but there was high variability between replicates. The 
70NPK+CNP results are important in that over 50% of the nitrate, leaching is reduced 
between the 70NPK+CNP and 100NPK treatments while not compromising the leaf 
yield. This could have a significant effect on nitrate contamination to water bodies if 50% 
less nitrate would be leached and farmers could apply 30% less NPK while not 
comprising their lettuce yields. In addition, the winter experiments showed that 
increasing the hydraulic conductivity of the soil allowed CNPs to be more effective in 
reducing nitrate leaching as seen in Figure 4.11.  
The reduction in nitrate with CNP additions could be due to the adsorption 
properties and surface characteristics of the CNPs, which can have a significant impact in 
the fate of the nutrients, especially nitrogen. These conclusions were further established 
in a laboratory adsorption study using the CNPs in which the CNPs showed an affinity 
for nitrogen species and removed ~18% of ammonium and nitrate at the 1,500 mg CNP/L 
dose (Figure S18 in Appendix B). This was also seen in a study of carbon nanoparticles 
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produced from biochar in which the presence of functional groups led to higher 
selectivity of ammonium over nitrate ions due to negative surface charge and functional 
groups (Saxena et al., 2014). Therefore, if the CNPs adsorb the ammonium ions, 
considering both ammonium and nitrate was added from fertilizer, this would reduce the 
rate of nitrification in turn lowering the rates of nitrate leaching. The CNPs can acts as a 
slow release fertilizer for nitrogen and allow for increased nitrogen in the soil and plant 
tissue rather than leaching into the water. This was also seen in a study with water soluble 
carbon nano-onions which were suggested to adsorb anions through hydrogen bonding 
and electrostatic interactions due to the carboxylate ions on the surface and then slowly 
release them (Sonkar et al., 2012). The adsorptive properties of carbon material have 
been well established, hence the reason it is used in both filters and water and wastewater 
treatment processes (Przepiórski, 2006). A variety of nutrient leaching studies have been 
conducted using biochar and charcoal and found that the carbon addition reduces nutrient 
leaching (Laird, Fleming, Wang, Horton, & Karlen, 2010; Lehmann et al., 2003; Major, 
Rondon, Molina, Riha, & Lehmann, 2010; Yao, Gao, Zhang, Inyang, & Zimmerman, 
2012). A study investigating nutrient adsorption by biochar found that the biochar 
reduced the nitrate leached due to the adsorption of ammonium and other soluble 
compounds which in turn prevented mineralization and nitrification of the ammonium 
(Laird et al., 2010). Lehmann et al., found that charcoal addition to the soil reduced the 
leaching of nitrogen due to electrostatic adsorption of nutrients and retention of soil water 
containing nutrients (Lehmann et al., 2003).  
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The effect of CNPs on other nutrients besides nitrate was minimal as seen in the 
results Tables 4.5-4.7. However, the 30NPK+CNP 70S treatment had lower average 
nutrients leached compared to the 30NPK 70S treatment. The elevated levels of nutrients 
naturally in soil, tap water, and in the fertilizer were attributed to the similar rates of 
leaching for sodium, calcium, sulfate, and chloride. The soil initially began with high 
levels of magnesium and calcium and the tap water used to irrigate contains sodium, 
chloride, and sulfate, which is suggested as the reasons for relatively equal leaching rates 
between fertilized and unfertilized treatments. There was minimum phosphorus leaching 
due to its tendency to bind to the soil especially in the presence of iron which was found 
at high concentrations in Arizona soil (Fink, Inda, Tiecher, & Barrón, 2016). There was 
also limited availability of phosphorus due to the alkaline and calcareous properties of the 
soil which forms insoluble calcium phosphate minerals (Hopkins & Ellsworth, 2005). 
Ammonium was also found to have little to no presence in the leachate indicating it was 
most likely converted to nitrate in the process of nitrification, volatilized, or possibly 
taken up by the plant.  
There were varying results for the effect of CNPs on nutrient uptake into the 
plant. There was a consistent trend that the lower the amount of added fertilizer, the 
lower amount of nutrients in the plant tissue. However, some treatments had an increase 
in the potassium and magnesium of the leaf and root tissue in CNP treatments, shown in 
Tables 4.19 and 4.10. This could be due to delayed leaching of magnesium calcium and 
mitigated losses of nutrients in the root zone. Lehmann et al., saw that charcoal 
application to soil delayed the leaching of calcium and magnesium (Lehmann et al., 
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2003). This could have occurred using the CNPs and allowed for increased availability of 
calcium and magnesium to the plant roots. Biochar, a carbonaceous material derived from 
waste products, has demonstrated an increase in plant nutrient uptake when applied as a 
soil amendment. In a study using biochar on soybean and maize, the magnesium, 
calcium, and potassium uptake to the plant increased with the biochar addition by 
mitigating losses in the root zone (Major et al., 2010). Additionally it was found that if 
the carbon nanoparticles are small enough, they can enter the xylem vessels of the plant 
and assist in adsorbing essential ions (Saxena et al., 2014).   
However, variable effects of CNPs on leaching and plant nutrient content is due to 
germination issues, lower yields, higher uncertainty between replicates, and effect of the 
Arizona soil on CNPs (discussed in section 5.3). An important factor to keep in mind is 
that the yield, nutrient leaching, and plant tissue composition are interconnected; 
therefore, the smaller the yield, the less nutrient uptake and more nutrients being leached. 
The effect of yield on nitrate leaching can be seen in Figures 4.14, 4.16, and 4.18 where 
the lower the yield the higher the nitrate leached. This only applies to some of the 
replicates for each treatment such as the 30NPK+CNP 70S treatment in Figure 4.18. 
Lower yields can be attributed to germination problems within the Arizona soil due to 
mechanical resistance in which the seedling encountered difficulty emerging through the 
soil surface (Letey, 1985) Additionally, the amount of solar radiation (PAR) getting to 
the plants was lower in fall, which can effect yields and nutrient uptake (Figure S1-S4 in 
Appendix B).There is a direct correlation between increased yield when there is an 
increase in solar radiation (Campillo, Fortes, & del Henar Prieto, 2012; Wurr & Fellows, 
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1991). The efficiency on capturing and using the solar energy is a determining factor of 
productivity and dependent on leaf area and shape (Campillo et al., 2012). The yield of 
the plant in turn effects the levels of nutrients being taken up and leached. The fall data 
demonstrates this effect in which the yields and plant nutrient content were lower 
compared to the summer (Tables 4.2, 4.3 4.12, 4.13). Table 4.12 also exemplifies this 
with the lower nitrogen uptake efficiency in the fall treatments compared to the summer 
and winter nutrient balances. The yield, leaching, and nutrient uptake are all related and 
effect one another, which is observed in treatments with smaller yields resulting in higher 
nutrient leaching rates. 
5.3 Effect of soil properties on nutrient mobility and CNP effectiveness 
The properties of the soil can affect the performance of the CNPs and availability 
of the nutrients to the plants. In addition to the soil properties effecting CNP behavior, the 
high pH and calcareous nature of the Arizona soil are not conducive for plant growth 
considering alkaline and calcareous soils can impede nutrient availability, especially 
phosphorus and micronutrients (Hopkins & Ellsworth, 2005; Thomas, 1996). Since CNPs 
did not consistently improve yield and lower nitrate leaching for all treatments in the 
summer and fall experiments, it can be concluded that the role of soil composition is an 
important factor in the effectiveness of CNPs. Soil properties impact the behavior and 
mobility of nanoparticles effecting their homoaggregation and heteroaggregation due to 
their high surface area and small particle size (Cornelis, Hund-Rinke, Kuhlbusch, van den 
Brink, & Nickel, 2014; C. Ma, White, Zhao, Zhao, & Xing, 2018; Rodrigues et al., 2016). 
Nanoparticles can heteroaggregate with natural soil colloids, which reduces their mobility 
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within the soil matrix (C. Ma et al., 2018; Rodrigues et al., 2016). The Arizona soil has a 
high clay and silt content which the CNPs could bind with and therefore lower their 
effectiveness. This can be seen through the winter experiment in which the 30S and 70S 
soil blends with CNPs showed improved effectiveness in leaf yield and reduced nitrate 
leaching compared to the AZ soil with CNPs (Table 4.4 and Figure 4.12). The results 
show that the 30S blend was the optimum blend for the CNPs to positively enhance leaf 
yield over the fertilizer treatment without CNPs (Table 4.4). As the hydraulic 
conductivity of the soil increased, the effect of the CNPs was more predominant, as seen 
by the higher average leaf yield in the CNP treated plants versus the non-CNP treated 
plants. This trend can be attributed to the fact that the increase in hydraulic conductivity 
allowed for increased movement of the CNPs to the root zone and therefore enhanced 
plant growth. However, in the 70S soil blend the soil had less naturally available nutrients 
and only 30% of the recommended nutrients were being applied through fertilizer which 
is why those treatments had a lower average leaf yield compared to the AZ and 30S soil 
types.  
The increase in hydraulic conductivity will also increase the leaching ability of 
nutrients; however, adsorption properties of the CNPs reduced the amount of nitrate 
being leaching in the soils with higher hydraulic conductivities. The effect of CNPs on 
nitrate leaching was best exemplified in the 70S soil blend in which the CNPs potentially 
had increased adsorption of nitrogen species and therefore reduced the amount of nitrate 
being leaching due to the increased hydraulic conductivity of the soil. This implies that 
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increasing the hydraulic conductivity through sand addition has allowed for better 
mobility of the nanoparticles to adsorb ions and less heteroaggregation with soil particles. 
5.4 Summary of results and discussion 
The following conclusions can be made from the yield, nutrient balance and soil 
composition data and apply to most fertilizer treatments for each season: 
 Yield, plant tissue content, and nutrients leached are all interconnected and effect 
one another 
 There were two strategies to reduce nitrate leaching while still achieving over 
34,000 kg/ha in leaf yield 
o Reduce nitrogen fertilizer by 30% and reduced nitrate leaching by 16% 
o Reduce nitrogen fertilizer by 30% combined with less than 1% weight of 
CNP and reduce nitrate leaching by 54% 
 Increasing the hydraulic conductivity of the soil increases the effectiveness of 
CNPs on plant nutrient uptake and nitrate leaching 
Table 5.1. Summary of results for all experiments 
 Effect on lettuce leaf yield Influence on nitrogen 
leaching 
Effect of season ↓ growth when ↓ solar 
radiation  
↑ leaching with ↓ solar 
radiation 
Effect of NPK loading No effect with >70% 
addition 
↑ leaching with ↑ NPK 
addition 
Effect of CNP addition Variable effects of ↑ 
growth with CNP addition 
Variable effects ↓ leaching 
with CNP addition 
Effect of increased 
hydraulic conductivity (k) 
↓ growth with ↑ k ↑ leaching with ↑ k 
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CHAPTER 6 
SUMMARY AND CONCLUSIONS  
  
Agricultural runoff continues to be an issue due to the high level of nutrients 
leached into surface and groundwater. Therefore, alternative technologies to the current 
agricultural best management practices need to be investigated to reduce nutrient 
leaching while not compromising yields. Therefore, the goal of this thesis was to quantify 
the effect of carbon nanoparticles on nutrient leaching and lettuce growth. This was done 
through the three objectives of (1) measuring the effect of CNPs on lettuce leaf yields (2) 
formulating a nutrient balance using leachate, plant tissue, and soil data and (3) 
increasing the hydraulic conductivity of the soil to see the effect on nutrient mobility.  
For the summer and fall experiments, the 70% nitrogen, phosphorus, and 
potassium fertilizer (NPK) with carbon nanoparticles (CNPs) treatment reduced the 
amount of nitrate being leached. The 70% NPK with CNPs treatment did not compromise 
to the leaf yield in the summer, and had minimum yield reductions in the fall. The 30% 
NPK with CNPs in the 30% sand (30S) soil blend produced the highest average leaf yield 
in the winter experiments. The 30% NPK with CNPs in the 70% sand (70S) soil blend  
was the most successful in reducing the amount of nitrate being leached considering all 
replicates except one outlier were below the 30% NPK in 70S treatment without CNPs. 
Therefore, the 70% NPK with CNP treatment is the best treatment to produce 
adequate yields and reduce the nitrate leached for summer and fall. The 30% NPK 
with CNPs in 30S soil is the best treatment in producing the highest yields for the 
winter. The 30% NPK with CNPs in 70S soil is the best treatment for reducing 
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nitrate leaching. Nanoparticles can potentially assist with ion nutrient uptake to the roots 
and have an impact on the growth of crop where the soil is scarce or depleted of essential 
nutrients such as potassium and magnesium. The trends of the total average nutrient 
content for summer and winter tissue data suggest that the addition of carbon 
nanoparticles can increase the uptake of some nutrients such as magnesium and 
potassium by reducing nutrient loss in the root zone.  The reduction of nitrogen leaching 
in combination with similar yield and nitrogen plant tissue content in 70% NPK with 
CNP treatment compared to the 100% NPK treatment can allow farmers to use less 
fertilizer while also producing comparable yields and avoid some of the environmental 
burden from fertilizer production and nutrient leaching.     
The properties of the Arizona soil were not ideal for crop growth or for the 
highest effectiveness of CNPs. The high pH and low organic matter hinder the 
availability of nutrients and the high clay content can aggregate with the CNPs, lowering 
their effectiveness. The issues with germination and soil properties created uncertainty in 
the summer and fall data and they should be repeated to further confirm the results.  
For future work, the soil properties of the Arizona soil can be changed further by 
adding organic matter or using a different type of soil to better understand the role of soil 
composition on CNPs. Additionally, the lettuce seeds could be pretreated with a CNP 
solution or foliar applied which would avoid the effects of the soil matrix. However, if 
the CNPs were not applied to the soil then their effect on minimizing nitrate leaching 
would be minimal. The effect of CNPs of a more homogeneous size and smaller in 
diameter should also be investigated to see if the CNPs would have an increased effect on 
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nutrient uptake. The CNPs should also be compared with a bulk carbon such as a biochar 
or activated carbon to understand if the size of the particles are having an impact or the 
adsorptive properties of carbon.  
Additionally, labelling of the CNPs or nitrogen through 
15
N fertilizer would allow 
for a deeper understand of the effect of the NPs. The CNPs could be tracked and used in a 
life cycle assessment to get a better understanding of their role in crop growth and the 
environment. Using 
15
N labeled nitrogen would allow for an increased understanding on 
the role of CNPs on nutrient mobility and uptake. The use of standardized sterile soil 
would eliminate the variability induced by local soil and microorganisms. Sterile soil 
combined with labeled nutrients and or CNPs would minimize variation and provided 
insight such as the mechanisms of the CNPs on plant growth. 
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Table S1: Average monthly temperature (°F) and relative humidity (%) for all growing periods 
Month Temperature (°F) Relative Humidity (%) 
June 78.9 31.49 
July 79.1 45.84 
September 76.4 37.75 
October 75.8 33.30 
November 74.4 39.66 
February 74.3 30.3 
March 72.3 28.6 
April 76.2 28.6 
 
Total “on” in Tables S.5-S.9 refers to the initial amount of each nitrogen found in soil and 
applied through fertilizer, and total “removed” refers to the sum of nitrogen in leachate, 
plant tissue, and soil which were the three locations considered for the fate of the 
nutrients for the summer growing season. 
Table S2: Summer lettuce leaf yield statistical analysis with p-values. The treatment column defines 
which two treatments are being compared to each other statistically.  
Treatment p-value 
NT:CNP 0.326 
NT: 100NPK 0.017 
NT:100NPK+CNP 0.082 
NT:70NPK+CNP 0.002 
CNP:100NPK 0.017 
CNP:100NPK+CNP 0.076 
CNP:70NPK+CNP 0.007 
100NPK:100NPK+CNP 1.000 
100NPK:70NPK+CNP 0.999 
100NPK+CNP:70NPK+CNP 0.996 
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Table S3: Fall lettuce leaf yield statistical analysis with p-values. The treatment column defines 
which two treatments are being compared to each other statistically.  
Treatment p-value 
NT:CNP 0.777 
NT: 100NPK 0.046 
NT:100NPK+CNP 0.289 
NT:70NPK 0.178 
NT:70NPK+CNP 0.114 
NT:50NPK 0.318 
NT:50NPK+CNP 0.862 
NT:30NPK 0.482 
CNP:100NPK 0.006 
CNP:100NPK+CNP 0.453 
CNP:70NPK 0.241 
CNP:70NPK+CNP 0.048 
CNP:50NPK 0.540 
CNP:50NPK+CNP 0.999 
CNP:30NPK 0.914 
100NPK:100NPK+CNP 0.256 
100NPK:70NPK 0.378 
100NPK:70NPK+CNP 0.400 
100NPK:50NPK 0.177 
100NPK:50NPK+CNP 0.108 
100NPK:30NPK 0.044 
100NPK+CNP:70NPK 0.997 
100NPK+CNP:70NPK+CNP 0.731 
100NPK+CNP:50NPK 1.000 
100NPK+CNP:50NPK+CNP 0.809 
100NPK+CNP:30NPK 0.931 
70NPK:70NPK+CNP 0.967 
70NPK:50NPK 0.965 
70NPK:50NPK+CNP 0.527 
70NPK:30NPK 0.641 
70NPK+CNP:50NPK 0.537 
70NPK+CNP:50NPK+CNP 0.241 
70NPK+CNP:30NPK 0.190 
50NPK:50NPK+CNP 0.906 
50NPK:30NPK 0.985 
50NPK+CNP:30NPK 1.000 
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Table S4: Winter lettuce leaf yield statistical analysis with p-values. The treatment column defines 
which two treatments are being compared to each other statistically.  
Treatment p-value 
NT AZ: NT 30S 1.000 
NT AZ: NT 70S 0.000 
NT AZ: CNP AZ 0.531 
NT AZ: CNP 30S 1.000 
NT AZ: CNP 70S 0.000 
NT AZ: 30NPK AZ 0.000 
NT AZ: 30NPK 30S 0.000 
NT AZ: 30NPK 70S 0.000 
NT AZ: 30NPK+CNP AZ 0.000 
NT AZ: 30NPK+CNP 30S 0.000 
NT AZ: 30NPK+CNP 70S 0.000 
NT 30S: NT 70S 0.000 
NT 30S: CNP AZ 0.510 
NT 30S: CNP 30S 1.000 
NT 30S: CNP 70S 0.000 
NT 30S: 30NPK AZ 0.000 
NT 30S: 30NPK 30S 0.000 
NT 30S: 30NPK 70S 0.000 
NT 30S: 30NPK+CNP AZ 0.000 
NT 30S: 30NPK+CNP 30S 0.000 
NT 30S: 30NPK+CNP 70S 0.000 
NT 70S: CNP AZ 0.000 
NT 70S: CNP 30S 0.000 
NT 70S: CNP 70S 1.000 
NT 70S: 30NPK AZ 0.000 
NT 70S: 30NPK 30S 0.000 
NT 70S: 30NPK 70S 0.000 
NT 70S: 30NPK+CNP AZ 0.000 
NT 70S: 30NPK+CNP 30S 0.000 
NT 70S: 30NPK+CNP 70S 0.000 
CNP AZ: CNP 30S 0.931 
CNP AZ: CNP 70S 0.000 
CNP AZ: 30NPK AZ 0.003 
CNP AZ: 30NPK 30S 0.013 
CNP AZ: 30NPK 70S 0.146 
CNP AZ: 30NPK+CNP AZ 0.004 
CNP AZ: 30NPK+CNP 30S 0.000 
CNP AZ: 30NPK+CNP 70S 0.033 
CNP 30S: CNP 70S 0.000 
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CNP 30S: 30NPK AZ 0.000 
CNP 30S: 30NPK 30S 0.001 
CNP 30S: 30NPK 70S 0.007 
CNP 30S: 30NPK+CNP AZ 0.000 
CNP 30S: 30NPK+CNP 30S 0.000 
CNP 30S: 30NPK+CNP 70S 0.001 
CNP 70S: 30NPK AZ 0.000 
CNP 70S: 30NPK 30S 0.000 
CNP 70S: 30NPK 70S 0.000 
CNP 70S: 30NPK+CNP AZ 0.000 
CNP 70S: 30NPK+CNP 30S 0.000 
CNP 70S: 30NPK+CNP 70S 0.000 
30NPK AZ: 30NPK 30S 1.000 
30NPK AZ: 30NPK 70S 0.929 
30NPK AZ: 30NPK+CNP AZ 1.000 
30NPK AZ: 30NPK+CNP 30S 0.994 
30NPK AZ: 30NPK+CNP 70S 0.999 
30NPK 30S: 30NPK 70S 0.980 
30NPK 30S: 30NPK+CNP AZ 1.000 
30NPK 30S: 30NPK+CNP 30S 0.990 
30NPK 30S: 30NPK+CNP 70S 1.000 
30NPK 70S: 30NPK+CNP AZ 0.939 
30NPK 70S: 30NPK+CNP 30S 0.329 
30NPK 70S: 30NPK+CNP 70S 1.000 
30NPK+CNP AZ: 30NPK+CNP 30S 0.992 
30NPK+CNP AZ: 30NPK+CNP 70S 0.999 
30NPK+CNP 30S: 30NPK+CNP 70S 0.732 
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Table S5. Summary of nitrogen inputs and nitrogen removed for each replicate in the no 
treatment (NT) in the summer growing season.  
Input No Treatment 
  1 2 3 4 5 6 
Initial kg/ha kg/ha kg/ha kg/ha kg/ha kg/ha 
N Added-
Fertilizer 0 0 0 0 0 0 
N Initial-Soil 784 784 784 784 784 784 
Total On 784 784 784 784 784 784 
N-Leached             
Collection Days             
1 0.025 0.014 0.628 0.652 0.011 10.6 
2 0.159 0.051 0.121 0.128 0.037 
 3 0.240 0.050 0.037 1.85 0.219 0.562 
4 0.484 0.051 0.019 3.60 0.0003 0.155 
5 0.566 0.561 
 
0.549 
  Post-Harvest       
Total Leachate 1.47 0.727 0.81 6.78 0.267 11.3 
N-Plant 11.8 6.70 3.20 16.9 2.70 14.7 
N-Soil 782 704 704 634 548 548 
Total Removed 795 711 708 657 551 574 
Initial-Harvest -10 73 76 127 234 210 
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Table S6. Summary of nitrogen inputs and nitrogen removed for each replicate in the 
CNP treatment in the summer growing season.  
Input CNP 
  1 2 3 4 
Initial kg/ha kg/ha kg/ha kg/ha 
N Added-
Fertilizer 0 0 0 0 
N Initial-Soil 784 784 784 784 
Total On 784 784 784 784 
N-Leached         
Collection Days         
1 0.953 0.179 0.582 1.176 
2 0.020 0.064 0.016 0.025 
3 0.029 0.035 0.010 0.026 
4 0.030 0.073 0.016 1.07 
5       0.848 
Post-Harvest     
Total Leachate 1.03 0.350 0.624 3.15 
N-Plant 2.60 6.51 3.10 3.79 
N-Soil 782 705 548 548 
Total Removed 786 712 552 555 
Initial-Harvest -1 73 233 229 
 
 
 
 
 
 
 
125 
Table S7. Summary of nitrogen inputs and nitrogen removed for each replicate in the 
100NPK treatment in the summer growing season.  
Input 100NPK 
  1 2 3 4 
Initial kg/ha kg/ha kg/ha kg/ha 
N Added-
Fertilizer 196 196 196 196 
N Initial-Soil 784 784 784 784 
Total On 980 980 980 980 
N-Leached         
Collection Days         
1 12.1 26.6 23.5 6.7 
2   9.4 6.6 12.2 
3 42.6 29.2 58.8 104.4 
4 19.1 3.2 2.6 90.3 
5 0.264 0.052 1.20 2.82 
Post-Harvest     
Total Leachate 74.0 68.3 92.6 216 
N-Plant 116 108 107 54 
N-Soil 797 634 626 633 
Total Removed 988 811 825 903 
Initial-Harvest -8 169 155 77 
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Table S8 Summary of nitrogen inputs and nitrogen removed for each replicate in the 
100NPK+CNP treatment in the summer growing season.  
Input 100NPK+CNP 
  1 2 3 
Initial kg/ha kg/ha kg/ha 
N Added-
Fertilizer 196 196 196 
N Initial-Soil 784 784 784 
Total On 980 980 980 
N-Leached       
Collection Days       
1 33.5 11.5 15.77 
2 38.7 23.6   
3 87.2 48.9 113 
4 5.66 18.4 19.3 
5 0.274 0.029 1.26 
Post-Harvest    
Total Leachate 165 102 149 
N-Plant 110 96.0 59.0 
N-Soil 792 715 852 
Total Removed 1067 913 1060 
Initial-Harvest -283 -129 -276 
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Table S9. Summary of nitrogen inputs and nitrogen removed for each replicate in the 
70NPK+CNP treatment in the summer growing season.  
Input 70NPK+CNP 
Initial kg/ha kg/ha kg/ha 
N Added-
Fertilizer 137 137 137 
N Initial-Soil 784 784 784 
Total On 921 921 921 
N-Leached 
   Collection Days 
   1 21.0 10.47 12.5 
2 13.7 2.46 5.12 
3 14.17 41.4 11.6 
4 1.487 2.61 4.14 
5 
 
0.054 
 Post-Harvest 
   Total Leachate 50.3 57.0 33.4 
N-Plant 69.0 68.1 71.6 
N-Soil 708 628 638 
Total Removed 827 753 743 
Initial-Harvest -43 31 42 
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APPENDIX B 
SUPPLEMENTARY FIGURES 
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Figure S1. PAR data for the summer experiment 
 
Figure S2. Solar radiation data for the summer experiment from Tempe Town Lake 
weather station to supplement missing PAR data in Figure S1. 
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Figure S3. PAR data for the fall experiment 
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Figure S4. Solar radiation data for the fall exerperiment from Tempe Town Lake weather 
station to supplement missing PAR data in Figure S1. 
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Figure S5. PAR data for the winter experiment 
 
0
1000
2000
3000
4000
5000
6000
7000
8000
9000
So
la
r 
R
at
id
at
io
n
 (
µ
m
o
l/
s/
m
2 )
 
Date and Time 
133 
 
Figure S.6. Mass of magnesium for the summer leaf tissue for each replicate per 
treatment (kg/ha). 
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Figure S.7. Mass of magnesium for the summer root tissue for each replicate per 
treatment (kg/ha). 
 
Figure S.8. Mass of potassium for the summer leaf tissue for each replicate per treatment 
(kg/ha). 
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Figure S.9. Mass of potassium for the summer root tissue for each replicate per treatment 
(kg/ha). 
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Figure S.10. Mass of magnesium for the fall leaf tissue for each replicate per treatment 
(kg/ha). 
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Figure S.11. Mass of magnesium for the fall root tissue for each replicate per treatment 
(kg/ha). 
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Figure S.12. Mass of potassium for the fall leaf tissue for each replicate per treatment 
(kg/ha). 
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Figure S.13. Mass of potassium for the fall root tissue for each replicate per treatment 
(kg/ha). 
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Figure S.14. Mass of magnesium for the winter leaf tissue for each replicate per treatment 
(kg/ha). 
 
Figure S.15. Mass of magnesium for the winter root tissue for each replicate per 
treatment (kg/ha). 
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Figure S.16. Mass of potassium for the winter leaf tissue for each replicate per treatment 
(kg/ha). 
 
Figure S.17. Mass of potassium for the winter root tissue for each replicate per treatment 
(kg/ha). 
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Figure S18. Adsorption study using CNPs at a 300 and 1,500 ppm concentration mixing 
in a nutrient solution (ammonium, nitrate, potassium, and phosphate) for three days on an 
end over end shaker. 
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APPENDIX C 
LEACHATE RAW DATA 
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Table 1C. Summer leachate pH, conductivity, and volume data 
 
Table 2C. Summer leachate sodium, potassium, and calcium data 
 
 
 
 
 
 
 
 
 
Pot # Treatment pH 6-19 pH 7-4 pH 7-15 pH 7-24 pH 8-3 Cond 6-19 Cond 7-4 Cond 7-15 Cond 7-24 Cond 8-3 Vol 6-19 Vol 7-4 Vol 7-15 Vol 7-24 Vol 8-3
μS μS μS L L L L L
4 NT 8.50 8.46 8.33 8.16 8.09 166 1379 1588 1484 1351 0.161 0.365 0.6 0.985 1.28
10 NT 8.73 8.49 8.56 8.56 8.13 335 1293 1943 1802 1325 0.113 0.445 0.935 1.25 1.32
22 NT 8.66 8.57 8.33 8.44 8.49 1047 1315 1910 1908 1703 0.146 0.527 1.07 1.35 1.42
27 NT 8.62 8.23 7.98 8.51 8.18 1198 1709 1646 1634 1389 0.025 0.199 1.015 1.09 1.025
30 NT 8.54 8.50 8.44 8.65 8.57 297 1353 1775 1979 1636 0.09 0.382 0.875 1.3 1.37
33 NT 8.16 - 8.22 7.97 7.93 7945 - 3256 4071 3573 0.025 - 0.475 0.895 0.94
1 CNP 8.77 8.48 8.40 8.44 8.53 1194 1529 2027 2056 1720 0.102 0.144 0.914 1.23 1.28
11 CNP 8.78 8.62 8.80 8.20 8.13 982 1177 2104 2049 2292 0.1 0.247 0.96 1.12 1.32
31 CNP 9.05 8.49 8.47 8.51 8.52 1018 1655 1933 1774 1837 0.081 0.08 0.975 1.13 1.45
34 CNP 8.87 8.48 8.50 8.60 8.30 1207 1523 1958 1852 1817 0.084 0.219 0.84 1.12 1.46
5 100NPK 8.49 8.40 9.14 8.74 8.36 2261 1564 2365 2290 1410 0.104 0.03 0.58 0.58 0.312
15 100NPK 8.64 8.78 8.46 8.28 8.68 2457 1320 2739 2675 1335 0.206 0.416 0.34 0.079 0.51
18 100NPK 8.60 8.70 8.58 8.14 8.51 3195 2083 3119 2567 1326 0.124 0.106 0.52 0.08 0.875
24 100NPK 8.35 8.33 8.35 7.88 8.11 1607 1682 3362 4111 3155 0.133 0.318 0.855 0.85 0.155
6 100NPK+CNP 8.42 9.08 8.25 8.08 8.14 5081 1794 3547 3639 1619 0.122 0.765 0.56 0.166 0.68
19 100NPK+CNP 8.65 8.39 8.47 8.09 8.30 1879 1695 2825 3742 1352 0.156 0.47 0.645 0.273 0.038
29 100NPK+CNP 8.04 - 8.52 9.23 9.35 2762 - 3342 1840 1282 0.107 - 0.82 0.75 0.79
8 70NPK+CNP 8.50 8.73 8.38 8.24 8.54 2221 1411 2298 2336 1347 0.18 0.402 0.498 0.192 0.32
12 70NPK+CNP 8.62 8.47 8.15 8.01 8.23 1656 1325 2926 2793 1466 0.166 0.338 0.72 0.182 0.37
32 70NPK+CNP 8.88 9.28 8.74 8.34 2138 1583 2270 2471 0.118 0.212 0.354 0.166 -
Pot # Treatment Na 6-19 Na 7-4 Na 7-15 Na 7-24 Na 8-3 K 6-19 K 7-4 K 7-15 K 7-24 K 8-3 Ca 6-19 Ca 7-4 Ca 7-15 Ca 7-24 Ca 8-3
mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L
4 NT 20.87007 157.6276 267.8083 179.1952 142.4346 1.228892 5.985751 6.433234 5.825167 5.057695 14.55472 67.73687 72.99963 40.57331 65.23369
10 NT 50.87636 145.5143 357.5912 237.4851 151.977 3.088508 6.497304 7.517476 8.915142 5.720935 15.95867 68.95029 103.0037 66.29067 15.44753
22 NT 163.068 168.278 359.4964 252.9758 191.6901 8.007623 8.113113 9.336145 8.37535 6.220403 38.70342 57.26499 114.2791 75.12068 22.53405
27 NT 166.0031 194.7601 283.8119 217.9893 140.5713 8.778708 7.031775 7.198085 7.463322 4.47656 42.4186 62.09952 73.96569 56.01603 57.59021
30 NT 47.32162 170.1247 325.938 264.8631 176.3273 2.753009 9.849712 9.067268 10.62274 6.785525 11.34579 49.96139 77.10182 55.80214 61.47612
33 NT 977.4259 - 641.6595 640.5218 369.7974 30.59276 - 15.94845 19.4408 9.466289 622.8796 - 169.8454 186.0965 137.4934
1 CNP 39.78766 200.9291 378.3403 271.6486 224.5669 9.026397 10.10743 11.60828 10.27947 8.97046 - 56.38324 88.42006 65.43156 73.67198
11 CNP 172.1092 152.5924 413.6242 263.9611 285.8517 6.522824 6.422783 7.708616 10.30567 7.954056 22.52164 45.75669 99.66433 79.46439 124.253
31 CNP 157.5204 214.2612 388.6867 239.0295 218.8019 8.534486 11.12622 10.43247 12.10818 9.993416 29.39473 68.37706 76.55017 57.09616 67.79607
34 CNP 185.2425 180.7427 379.7379 192.6551 224.0759 9.682087 11.93052 11.29893 8.957359 10.71328 32.84124 68.32524 86.31594 72.44886 80.22977
5 100NPK 184.487 164.4403 379.8129 279.2515 163.1184 30.68934 10.46634 29.43903 10.81999 3.78275 146.0603 70.85811 143.0453 113.4369 63.89989
15 100NPK 189.8395 173.4436 449.1014 302.6668 132.8866 24.57636 11.12636 3.368006 13.15967 4.803521 150.4755 37.28431 190.9749 144.9417 55.16986
18 100NPK 230.534 200.0478 458.6702 299.1546 136.0442 24.39474 18.63418 4.828997 15.48771 5.136306 263.0735 132.2145 218.4978 152.8877 58.33283
24 100NPK 223.3478 202.65 475.3722 414.347 288.871 9.626158 9.766255 5.334725 18.76533 9.338765 61.24247 65.11472 218.439 303.9479 188.1181
6 100NPK+CNP 438.6231 174.57 516.8663 401.172 186.5836 23.75909 19.79638 33.53158 13.77371 4.659693 408.1913 99.48656 318.9084 261.9643 79.41187
19 100NPK+CNP 193.741 172.6632 470.6986 396.7907 160.7274 12.29563 12.97438 29.39579 16.20714 5.110976 118.666 100.5788 187.5438 270.1545 80.74653
29 100NPK+CNP 189.8043 - 491.0421 222.8719 157.0506 40.05555 - 84.70265 15.81132 6.292754 212.366 - 187.3531 79.76027 42.88587
8 70NPK+CNP 198.3157 169.4561 429.7424 294.1562 152.9891 12.35329 9.855333 12.50546 7.998165 3.913913 153.58 56.85999 137.5849 126.0893 57.54487
12 70NPK+CNP 193.3313 169.2924 515.3912 381.5013 82.06315 8.78438 8.345467 12.91263 10.20115 1.850096 102.1263 60.97858 214.2459 190.0365 53.56827
32 70NPK+CNP 224.1976 185.4543 404.0376 300.5429 - 20.5462 17.18327 26.60935 15.03744 - 114.2421 57.70428 107.9391 117.032 -
145 
Table 3C. Summer leachate chloride, sulfate, and nitrate data 
 
Table 4C. Fall leachate pH, conductivity, and volume data 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Pot # Treatment Cl 6-19 Cl 7-4 Cl 7-15 Cl 7-24 Cl 8-4 SO4 6-19 SO4 7-4 SO4 7-15 SO4 7-24 SO4 8-3 NO3 6-19 NO3 7-4 NO3 7-15 NO3 7-24 NO3 8-3
mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L
4 NT 5.410716 210.9111 267.8083 246.399 181.2558 17.75137 140.6712 147.4465 156.8119 181.8695 0.156844 0.435171 0.400045 0.491661 0.442013
10 NT 6.917819 199.9935 357.5912 352.6505 203.4966 23.40952 130.6753 160.4731 181.4067 175.5061 0.126085 0.114306 0.053865 0.040483 0.424661
22 NT 32.34089 153.5884 359.4964 390.3961 277.9315 133.9391 128.2589 149.3658 176.0798 188.9631 4.299108 0.22869 0.034762 0.014428
27 NT 55.08096 290.2381 283.8119 303.1656 184.6642 159.494 124.6305 156.222 190.2411 170.1538 26.09517 0.644965 1.822484 3.306119 0.535726
30 NT 13.33309 211.7873 325.938 388.3255 227.1747 31.98662 141.4722 161.03 189.4039 190.7524 0.118304 0.09583 0.250756 0.000248 -
33 NT 555.6818 - 641.6595 975.318 416.9655 1512.33 - 335.2702 461.4178 456.3186 424.2792 - 1.182183 0.173026 -
1 CNP 39.57914 217.7339 378.3403 397.881 313.9469 177.5865 156.7723 166.2431 189.2727 204.627 9.339456 0.137525 0.031989 0.024101 -
11 CNP 32.33484 141.2246 413.6242 406.9331 445.9688 109.8165 96.12384 146.3159 157.3942 204.4595 1.785796 0.257253 0.036374 0.065081 -
31 CNP 39.08937 275.6625 388.6867 341.7737 308.6633 143.7919 175.9298 172.6867 183.746 198.4359 7.190833 0.194934 0.010181 0.013874 -
34 CNP 48.61445 237.3052 379.7379 263.1566 307.986 189.7275 143.0701 176.746 183.1948 208.439 14.00241 0.114123 0.031139 0.95669 0.580832
5 100NPK 143.5805 242.1872 379.8129 449.6741 216.3942 142.2997 130.9704 161.8377 198.4139 212.9039 116.1835 73.37582 32.8946 0.84637
15 100NPK 158.3308 157.3755 449.1014 514.1517 176.8699 69.13316 84.04389 169.4039 211.3411 170.8032 129.094 22.50361 85.76497 40.15554 0.101849
18 100NPK 227.6692 251.7167 458.6702 520.3639 182.908 170.4452 149.9469 159.5123 209.3114 171.5173 189.6041 62.21007 112.9861 32.40264 1.368205
24 100NPK 89.87421 206.5625 475.3722 765.7709 536.3394 163.2919 131.4995 152.5128 224.5063 278.9962 50.43356 38.3686 122.1199 106.2666 18.17608
6 100NPK+CNP 391.1894 232.6153 516.8663 791.7672 257.5042 534.7166 134.4269 179.0056 327.3267 234.2725 274.4217 50.64462 155.7363 34.11013 0.40249
19 100NPK+CNP 99.25648 200.9125 470.6986 809.151 221.3059 114.2265 110.7938 160.8186 232.667 221.8168 73.4516 50.1962 75.78139 67.37825 0.775469
29 100NPK+CNP 191.0062 - 491.0421 346.0373 217.1966 222.2843 - 163.1226 166.3176 178.0188 147.3975 - 137.4663 25.68914 1.596436
8 70NPK+CNP 160.2489 169.1431 429.7424 508.3902 207.5395 114.5629 103.8943 165.8924 194.3067 170.1117 116.5339 34.03025 28.35821 7.733026 -
12 70NPK+CNP 95.65573 169.0402 515.3912 660.1742 110.6216 111.5116 116.4146 167.8145 249.9209 129.7506 62.7447 7.271805 57.55676 14.34165 0.146417
32 70NPK+CNP 136.1365 248.8654 404.0376 481.324 - 141.4168 140.0624 171.7091 213.83 - 105.9505 24.16045 32.72923 24.95032 -
Treatment Pot # pH 10/23 pH 10/30 pH 11/8 pH 11/15 pH 11/29 Cond 10/23 Cond 10/30 Cond 11/8 Cond 11/15 Cond 11/29 Vol 10/2 Vol 10/23 Vol 10/30 Vol 11/8 Vol 11/14 Vol 11/29
μS μS μS μS μS L L L L L L
NT 12 12 8.18 8.51 8.33 8.38 8.29 1517 1780 1306 987 1257 0.58 1.1 1.065 1.03 0.855 1.14
NT 21 21 8.48 8.41 8.29 1865 1336 2380 0.25 0.835 0.8 0.645
NT 38 38 8.31 8.34 8.13 1722 1482 1409 0.63 0.63 0.905 1.66
CNP 5 5 8.29 8.53 8.3 8.57 8.27 2510 1940 942 1107 839 0.675 1.2 1.14 1.12 0.75 0.9
CNP 17 17 8.28 8.37 8.42 1848 1550 1545 0.47 0.65 0.8 0.785
CNP 22 22 8.3 8.27 8.37 1436 1231 1037 0.86 1.09 1 0.8
CNP 39 39 8.46 8.37 8.37 1640 1254 802 0.35 0.68 0.62 0.74
NPK 19 19 8.41 8.34 8.26 2090 2460 3080 0.46 0.34 0.4 0.092
NPK 26 26 8.51 8.35 7.85 8.6 8.4 1883 2410 2560 1252 863 0.45 0.97 0.91 0.725 0.64 0.26
N+C 10 10 8.64 8.45 8.56 8.56 8.54 2630 2430 2060 2810 934 0.53 0.64 0.82 1.805 0.64 0.2
N+C 28 28 8.42 8.27 8.27 8.42 8.27 2260 2280 1413 1373 836 0.58 0.88 1.1 0.95 0.66 0.225
N+C 31 31 8.24 8.28 8.17 3000 2610 1967 0.42 0.88 0.81 0.645
70NPK 13 13 8.48 8.75 8.35 8.59 8.28 2540 1988 1312 1140 854 0.65 1.04 1.04 1.02 0.68 0.49
70NPK 24 24 8.22 8.21 8.23 8.8 2460 2980 1812 0.53 0.74 0.68 0.38
70NPK 37 37 8.53 8.33 8.51 8.41 2210 2890 1198 930 824 0.72 1.02 1.04 0.93 0.62 0.96
70N+C 1 1 8.55 8.91 8.39 8.69 8.02 1960 1268 1098 937 1074 0.34 0.81 0.95 0.92 0.68 1.125
70N+C 34 34 8.38 8.57 8.08 8.64 8.37 1627 1294 1440 1112 993 0.56 1.08 1.06 0.97 0.6 0.2
50NPK 3 3 8.74 8.34 8.35 8.59 8.43 1777 3250 1759 1918 844 0.305 0.87 0.9 0.835 0.57 0.24
50NPK 11 11 8.36 8.36 8.03 8.56 8.45 1496 1299 1430 1536 879 0.38 0.97 1.12 1.04 0.82 1.06
50NPK 35 35 8.05 8.22 8.41 1528 1308 927 0.74 1.07 0.98 0.65
50N+C 6 6 8.63 8.72 8.8 9.23 8.59 2210 2.17 1361 1598 1349 1.38 1.04 1.06 1.04 0.86 1.06
50N+C 15 15 8.53 8.56 8.68 1933 1466 1224 0.73 1.08 0.92 0.33
50N+C 40 40 8.75 8.4 8.42 3060 2730 2520 0.325 0.6 0.92 0.24
30NPK 9 9 8.46 8.63 8.61 8.72 8.46 3250 2310 1174 1050 898 0.42 1.07 1.04 0.97 0.66 0.3
30NPK 18 18 8.65 8.32 8.39 8.54 8.42 1941 1958 2470 1705 1125 0.3 0.775 0.94 0.98 0.735 0.76
30NPK 25 25 8.16 8.1 8.13 1905 2600 2450 0.425 0.48 0.36 0.36
30NPK 33 33 8.28 8.57 8.45 1988 1493 1058 0.33 0.92 0.86 0.45
30N+C 20 20 8.43 7.94 8.55 2400 6230 849 0.28 0.29 0.77 0.098
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Table 5C. Fall leachate sodium, potassium, magnesium, and calcium data 
 
Table 6C. Fall leachate chloride, sulfate, and nitrate data 
 
 
 
 
 
 
 
Treatment Pot # Na 10/23 Na 10/30 Na 11/8 Na 11/15 Na 11/29 K 10/23 K 10/30 K 11/8 K 11/15 K 11/29 Mg 10/23 Mg 10/30 Mg 11/8 Mg 11/15 Mg 11/29 Ca 10/23 Ca 10/30 Ca 11/8 Ca 11/15 Ca 11/29
mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L
NT 12 12 205.7156 248.3841 152.0423 104.5453 147.3142 9.923694 9.103704 7.034347 5.526349 7.309157 16.75993 21.98792 19.5767 20.29521 20.75467 67.02037 89.64014 49.73036 38.80627 41.83842
NT 21 21 272.1522 179.4523 301.1024 7.690242 5.932558 5.818442 20.1741 18.11215 24.56857 85.90547 62.37614 93.12892
NT 38 38 249.1994 209.7198 206.768 8.112787 6.546595 10.8368 18.07997 17.04049 17.19126 70.35387 63.18575 50.9397
CNP 5 5 347.2476 277.294 205.4895 120.6693 116.0034 14.67611 11.26243 6.28163 4.862446 3.93241 27.99516 22.68132 17.19713 22.40718 23.28266 116.2097 82.57734 52.14432 41.76253 25.72149
CNP 17 17 286.6888 219.5945 207.3506 9.611008 6.048281 7.279187 20.09113 18.134 20.05147 70.15788 67.11481 53.99674
CNP 22 22 222.1889 168.3458 117.1931 6.741462 4.850909 3.718667 18.57411 19.18035 19.83786 57.32345 53.83211 50.3957
CNP 39 39 246.5905 166.3481 71.86173 7.72035 5.699638 4.086364 19.51209 18.99295 19.4875 64.63763 55.45686 36.57261
NPK 19 19 237.7117 289.1534 375.4917 21.32551 9.86387 8.915774 21.81464 27.97517 32.09707 98.22281 134.0858 181.2237
NPK 26 26 286.7932 302.4361 150.8974 137.1117 117.178 11.519 11.53933 104.2334 10.27096 3.875177 21.17398 24.22897 24.4359 19.94965 24.42262 89.55839 127.0793 90.68261 56.37856 32.16354
N+C 10 10 352.3959 320.2237 271.9365 281.9884 131.1165 14.85441 16.43583 14.78379 30.16229 5.640815 24.98232 23.29051 18.9216 34.84153 23.88305 95.93432 88.49037 53.44263 181.8046 28.38769
N+C 28 28 331.7981 305.9727 165.0594 126.9524 105.2595 13.55638 14.16287 16.73625 19.45972 3.872315 20.95871 23.57628 16.98641 23.87339 22.82706 93.64499 117.8343 48.37147 73.60682 28.46189
N+C 31 31 289.1539 313.6582 230.6994 72.68578 17.95528 10.02513 29.3482 31.49214 26.5607 134.5102 143.4291 120.6851
70NPK 13 13 366.8084 274.9967 131.524 85.81496 116.1779 16.40771 13.32816 25.54337 23.56333 3.82939 23.61646 20.70718 20.56265 23.30583 21.87533 123.86 80.09065 47.27172 58.6046 30.63735
70NPK 24 24 311.6432 366.6012 230.8042 25.25604 13.42233 5.583646 22.61208 28.74873 20.79578 136.6652 154.1355 77.4637
70NPK 37 37 313.5254 396.6265 140.5865 102.0559 108.5727 13.11856 15.14414 14.012 6.035722 3.614766 18.91015 25.11549 18.72002 19.69386 24.06355 89.21811 132.4864 38.35434 26.91884 30.23261
70N+C 1 1 280.5468 181.4268 120.5434 93.48663 145.1323 11.91951 7.849652 10.36706 8.273533 8.184821 13.23435 16.03222 21.70423 23.02494 23.54038 88.48503 44.30481 40.12819 30.11962 40.4016
70N+C 34 34 231.8687 181.3658 133.0744 109.7743 141.0186 9.947927 6.94749 35.28997 14.42894 4.381689 19.97946 18.97785 20.1674 22.42359 24.0732 58.87136 49.05855 44.77563 42.02561 31.78241
50NPK 3 3 248.3551 399.4232 193.9415 211.7706 113.6542 11.34525 19.77289 23.26936 14.43467 2.822089 16.95886 35.29423 21.93288 28.12242 20.97185 58.50356 168.8289 67.68925 98.87246 28.35565
50NPK 11 11 208.4166 177.203 124.7684 170.3184 115.3648 8.394777 10.72249 34.01948 13.73642 5.328895 17.65944 18.19565 22.34155 25.63111 22.90525 64.78775 60.50795 60.57942 84.47061 28.68112
50NPK 35 35 194.9508 174.5792 114.3789 15.99543 8.325383 4.415487 1.921426 19.10571 19.66985 60.06981 53.13035 37.80254
50N+C 6 6 296.0104 304.3339 183.4556 197.0748 215.5372 14.27619 14.52937 11.6786 15.85118 11.16666 21.47411 22.90991 19.45853 26.50177 22.80197 85.05645 82.65108 40.37857 60.1797 45.15219
50N+C 15 15 238.083 200.0912 166.9269 27.65384 8.197852 5.903015 22.42449 17.60146 19.06999 78.73807 64.99843 39.58602
50N+C 40 40 365.3897 372.4823 320.0717 37.26281 15.34385 9.484206 27.29877 26.68022 26.76979 103.3186 97.98198
30NPK 9 9 402.5331 305.6074 142.7635 114.2766 122.4897 21.27821 12.92343 8.065384 8.084664 3.199827 29.88919 23.15522 18.21632 21.00177 21.07803 171.5523 93.30992 36.96088 36.50939 28.46358
30NPK 18 18 275.926 283.5044 307.7474 212.1556 172.6982 9.33122 13.41126 12.22796 11.70465 5.454807 19.5058 17.54806 24.15343 24.23536 20.35409 76.15767 75.70643 103.274 66.77521 39.55334
30NPK 25 25 250.1236 324.6695 310.7688 13.60528 7.188677 4.361045 18.49151 26.17756 26.52711 92.42985 140.2129 115.6736
30NPK 33 33 269.4474 207.9506 135.1851 15.57848 8.620593 5.157868 2.000659 17.1858 17.51919 87.41334 60.51747 39.53209
30N+C 20 20 284.8029 755.5811 103.591 7.523397 14.02338 3.319819 25.03116 62.33718 18.13246 118.6525 416.9992 28.84568
Treatment Pot # Cl 10/23 Cl 10/30 Cl 11/8 Cl 11/15 Cl 11/29 SO4 10/2 SO4 10/23 SO4 10/30 SO4 11/8 SO4 11/15 SO4 11/29NO3 10/23NO3 10/30 NO3 11/8 NO3 11/15NO3 11/29
mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L
NT 12 12 317.3557 389.4577 212.884 124.1101 186.7358 212.6274 101.1224 130.0369 73.87363 97.73611 122.1906 1.356686 18.80259 22.05398 3.105107 4.208842
NT 21 21 376.7386 270.0539 495.6716 185.7917 195.3779 76.82021 114.0242 0.582815 0.594452 31.02471
NT 38 38 357.0661 295.9284 278.8554 218.0448 120.1867 126.3182 118.5913 0.531855 0.977576 0.700674
CNP 5 5 507.8935 445.3126 308.2348 155.9762 91.9576 218.769 138.4504 105.1733 117.1123 103.6341 103.678 43.86811 17.59775 5.849753 2.911878 1.17344
CNP 17 17 393.8291 345.4278 307.7641 214.3672 128.7236 85.98562 116.8877 1.356686 0.632341 0.600952
CNP 22 22 305.8021 261.0614 169.2873 161.1115 94.41867 71.37687 75.25225 0.404684 0.633373 2.065697
CNP 39 39 329.7336 254.3964 94.99325 150.1951 113.5024 73.84199 70.23646 4.875437 0.650626 0.97913
NPK 19 19 361.1757 514.5919 566.9647 189.5522 106.2835 127.6377 252.7918 32.13688 31.39212 102.7007
NPK 26 26 394.3031 534.7045 311.9204 178.6257 91.75164 466.3586 138.5638 141.7328 88.25373 116.4588 107.0264 16.51968 19.67121 164.9691 8.50499 0.850504
N+C 10 10 526.3136 541.2369 404.097 428.0717 107.44 520.7041 121.572 133.4008 129.5877 141.4025 115.7383 33.37459 26.04394 20.97418 111.2403 2.349389
N+C 28 28 474.1291 522.8557 165.4397 174.3506 83.76512 244.9714 112.7564 128.4901 93.30273 96.06737 97.34504 15.17765 14.73101 12.88523 36.36982 0.914313
N+C 31 31 465.9638 531.329 250.5668 149.8266 114.1361 129.6058 130.596 98.09018 58.90217 36.97753
70NPK 13 13 467.8187 439.2932 134.2757 110.7526 84.80106 375.1343 199.7931 125.5176 84.31804 96.64854 101.9356 36.10994 19.85152 29.21271 32.51843 0.743623
70NPK 24 24 458.8603 651.7018 248.0823 362.124 117.8902 128.1606 113.9273 48.63669 45.3585 15.13853
70NPK 37 37 482.464 671.5562 133.507 118.6616 84.69991 332.6039 130.2497 137.2841 79.05464 92.57574 98.01813 9.924051 32.26443 14.26758 3.950372 0.6927
70N+C 1 1 392.5488 272.0961 120.7058 113.9448 138.1173 184.1671 155.4393 84.08068 68.18777 96.47385 117.9551 7.902606 0.208299 20.39167 8.546867 4.642533
70N+C 34 34 339.2297 281.8928 140.0174 142.7586 126.3593 177.1073 102.4701 73.8638 77.8962 103.8836 111.7637 5.221564 0.47603 38.25279 14.82432 1.170526
50NPK 3 3 372.6611 653.0697 274.9366 284.8148 84.17991 327.5331 117.5107 125.8298 99.47577 160.6356 98.12489 11.40673 99.69861 45.4611 48.82877 0.651228
50NPK 11 11 299.065 274.3534 186.3742 212.7403 93.11345 224.5496 81.3674 77.90441 74.07857 149.0743 103.6832 4.26931 2.175855 38.48743 35.97099 2.081183
50NPK 35 35 300.4562 272.0225 148.0333 151.9751 78.43666 73.19457 78.92599 12.07004 3.023733 3.269853
50N+C 6 6 454.3523 503.6911 257.4465 275.0965 227.5208 357.0423 140.0198 121.9964 99.78862 108.8961 138.4213 16.0044 16.57475 11.15842 39.609 10.81242
50N+C 15 15 360.2601 317.8189 244.6568 219.7603 119.047 86.54694 92.6113 29.18546 3.954701 2.394394
50N+C 40 40 568.724 624.8605 504.3313 227.0263 146.3611 153.8179 151.4235 51.76447 19.76103 13.04491
30NPK 9 9 681.1187 536.8758 197.4019 136.5156 89.79437 489.2645 198.2043 128.8568 84.17636 104.4248 104.326 36.41953 16.70347 4.711766 11.27006 0.479847
30NPK 18 18 418.6643 458.253 499.2803 303.9368 160.4238 217.0643 122.7727 106.1663 156.0306 149.5436 125.2392 0.323707 6.55386 11.80678 13.60864 1.985436
30NPK 25 25 381.5559 597.6374 543.5788 243.3381 110.1084 153.3174 144.6667 18.11317 5.165074 5.132727
30NPK 33 33 403.7676 315.0819 165.0653 253.4019 118.2925 85.03401 99.85436 18.74169 5.049714 1.335246
30N+C 20 20 435.6944 1737.043 115.3162 311.8136 199.6871 427.5404 97.19517 7.85774 31.36117 1.782537
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Table 7C. Winter leachate pH, conductivity, and volume data 
 
 
 
 
 
 
 
 
 
Treatment Pot # pH 3/1 pH 3/16 pH 3/29 pH 4/5 pH 4/10 Cond 3/1 Cond 3/16 Cond 3/29 Cond 4/5 Cond 4/10 Vol 3/1 Vol 3/16 Vol 3/29 Vol 4/5 Vol 4/10
μS μS μS μS μS L L L L
NTAZ 3 8.61 8.53 8.35 8.44 1030 2210 1825 1954 0.34 0.3 0.89 0.56
NTAZ 21 8.59 8.68 8.47 8.47 1120 1005 1718 1812 0.34 0.38 1.06 0.59
NTAZ 34 8.45 8.44 8.17 8.24 2190 1660 2610 2470 0.38 0.42 1 0.595
NTAZ 48 8.63 8.53 8.43 8..48 1219 1052 1724 1875 0.086 0.212 1.01 0.655
NT30S 2 8.6 8.48 8.55 8.35 8.49 1588 2550 1510 1775 2030 0.078 0.62 0.5 1.04 0.7
NT30S 22 8.65 8.61 8.35 8.33 1242 925 1891 2090 0.48 0.46 1 0.65
NT30S 36 8.56 8.23 8.26 8.36 1037 2780 2240 2440 0.15 0.188 0.85 0.57
NT30S 44 8.64 8.45 8.46 8.46 1326 2640 1581 1908 0.53 0.49 0.07 0.34
NT70S 11 8.66 8.65 8.39 8.42 2200 1591 1685 1856 0.5 0.44 1.02 0.66
NT70S 18 8.59 8.67 8.65 8.31 8.46 2140 1706 1091 1679 2610 0.158 0.66 0.66 1.15 0.82
NT70S 32 8.61 8.61 8.2 8.42 1329 1259 1787 1709 0.6 0.56 1.1 0.75
NT70S 47 8.63 8.46 8.21 8.45 1760 1655 1956 1948 0.66 0.66 1.02 0.67
CNPAZ 4 8.66 8.61 8.28 8.36 1317 1011 1851 2300 0.49 0.47 0.95 0.58
CNPAZ 17 8.65 8.74 8.66 8.29 8.27 2940 1866 1498 1843 1603 0.1 0.58 0.43 1.03 0.9
CNPAZ 31 8.69 8.6 8.6 8.12 8.31 1119 1410 1734 1891 1890 0.058 0.58 0.5 1.05 1.04
CNPAZ 41 8.59 8.47 8.24 8.36 1475 1705 1794 1962 0.64 0.45 1 0.62
CNP30S 9 8.5 8.62 8.69 8.38 8.38 1952 1369 1051 1681 2580 0.526 0.6 0.6 1.03 0.975
CNP30S 14 8.36 8.6 8.63 8.28 8.47 4080 2290 1349 2140 2040 0.066 0.46 0.5 1.02 0.66
CNP30S 27 8.32 8.61 8.59 8.23 2260 1611 1512 1756 0.118 0.66 0.66 1.1
CNP30S 38 8.36 8.67 8.56 8.3 8.47 4010 1857 1624 1749 2050 0.054 0.45 0.4 1.02 0.69
CNP70S 8 8.48 8.67 8.56 8.47 8.42 2310 1443 1426 2190 1836 0.176 0.62 0.6 1.1 0.79
CNP70S 16 8.59 8.65 8.59 8.25 8.46 1394 1716 1106 1597 1702 0.21 0.76 0.71 1.14 0.74
CNP70S 29 8.49 8.71 8.75 8.41 8.44 2390 1407 957 1855 2050 0.1 0.56 0.51 1.05 0.74
CNP70S 42 8.61 8.6 8.65 8.21 8.51 1718 1984 1654 1846 2030 0.15 0.735 0.74 1.18 0.86
30NPKAZ 7 8.48 8.53 8.3 8.43 1566 2070 2070 0.158 0.028 0.168 0.22
30NPKAZ 13 8.64 8.37 8.18 8.33 1861 1213 1808 2260 0.143 0.084 0.51 0.25
30NPKAZ 35 8.61 8.51 8.38 8.45 1226 1152 1883 2080 0.194 0.134 0.68 0.4
30NPKAZ 43 8.54 8.41 8.16 8.28 1517 2770 2740 2550 0.214 0.18 0.78 0.46
30NPK30S 1 8.51 8.55 8.28 8.13 8.6 1375 2460 1606 1813 1783 0.056 0.42 0.082 0.54 0.32
30NPK30S 19 8.61 8.61 8.68 8.22 1739 1480 1039 2130 2040 0.078 0.48 0.63 1.08 0.76
30NPK30S 28 8.44 8.53 8.43 8.2 8.4 2190 1545 1356 1982 1953 0.09 0.48 0.147 0.47 0.35
30NPK30S 39 8.6 8.46 8.17 8.44 1260 1856 2400 1888 0.4 0.32 0.82 0.49
30NPK70S 5 8.44 8.53 8.52 8.32 8.51 3200 2220 2050 1937 1715 0.18 0.5 0.088 0.5 0.38
30NPK70S 24 8.39 8.33 8.37 8.52 2690 1376 1290 1986 2580 0.28 0.92 0.98 0.64
30NPK70S 30 8.38 8.29 8.26 8.16 8.26 2500 2650 2640 2070 2330 0.146 0.59 0.198 0.62 0.42
30NPK70S 37 8.52 8.64 8.52 8.38 8.53 1596 887 1755 1728 0.242 0.71 0.5 0.975 0.56
30N+CAZ 10 8.57 8.28 8.27 8.34 1123 2920 2590 2080 0.33 0.32 0.84 0.193
30N+CAZ 23 8.68 8.29 8.13 8.29 1851 2910 3170 2530 0.39 0.355 0.79 0.48
30N+CAZ 26 8.53 8.47 8.16 8.34 1286 959 1742 1958 0.29 0.054 0.37 0.184
30N+CAZ 40 8.4 8.36 8.22 8.38 3350 2420 1959 2230 0.445 0.136 0.68 0.38
30N+C30S 6 8.3 8.51 8.42 8.09 8.18 3920 1850 1889 2520 2850 0.122 0.62 0.315 0.62 0.29
30N+C30S 15 8.51 8.6 8.42 8.27 8.56 2070 1955 2320 1705 0.082 0.24 0.026 0.23 0.169
30N+C30S 33 8.49 8.53 8.45 8.39 8.39 2450 1422 2140 1654 1928 0.052 0.66 0.35 0.76 0.54
30N+C30S 46 8.5 8.56 8.44 8.32 8.43 2240 1369 1913 2180 2210 0.058 0.26 0.078 0.51 0.238
30N+C70S 12 8.19 8.27 8.24 8.33 3490 3080 2080 1800 0.25 0.4 0.94 0.715
30N+C70S 20 8.6 8.64 8.6 8.27 8.28 2060 1422 895 1881 2430 0.104 0.52 0.118 0.74 0.38
30N+C70S 25 8.49 8.39 8.41 1769 1710 1652 0.35 0.7 0.51
30N+C70S 45 8.42 8.36 8.25 8.33 2120 2350 2810 0.152 0.028 0.44 0.34
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Table 8C. Winter leachate sodium, potassium, magnesium, and calcium data 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Treatment Na 3/1 Na 3/16 Na 3/29 Na 4/5 Na 4/10 K 3/1 K 3/16 K 3/29 K 4/5 K 4/10 Mg 3/1 Mg 3/16 Mg 3/29 Mg 4/5 Mg 4/10 Ca 3/1 Ca 3/16 Ca 3/29 Ca 4/5 Ca 4/10
mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L
NTAZ 3 162.46 351.3723 253.1169 261.0484 7.847277 11.72925 10.22011 10.77854 11.56406 17.02815 13.57821 12.54523 65.54276 126.6024 112.1874 95.7927
NTAZ 21 176.3214 147.1585 255.8871 252.3159 7.893052 7.439483 10.48836 9.841322 9.789809 7.080183 12.63623 13.35242 73.71763 64.32988 100.9931 94.74253
NTAZ 34 328.1702 235.2889 380.4053 349.1481 11.6259 9.585114 11.41533 9.991912 16.59944 13.23704 19.6781 15.14887 166.6937 118.8202 179.8021 110.6682
NTAZ 48 194.8443 145.5434 243.7049 247.0225 7.915201 7.491889 9.825178 9.511061 10.38904 13.47226 16.24547 14.29011 79.76589 64.15263 100.8847 95.38921
NT30S 2 267.8298 397.8907 245.082 262.8902 280.4411 8.820677 12.08069 8.873897 10.80729 10.82009 10.97316 20.88373 12.81499 15.41151 16.35387 81.38047 148.5056 74.00892 105.167 92.89828
NT30S 22 211.1491 139.7746 264.3317 301.8424 7.994937 6.28207 10.14708 10.25704 9.784714 9.66605 18.68645 18.05139 78.11628 60.10006 128.9166 95.59372
NT30S 36 159.2961 396.8994 306.2507 301.8964 7.067632 10.24692 9.682109 9.115965 11.01171 26.27097 23.09024 20.34141 72.01924 164.2792 122.562 99.30247
NT30S 44 225.3093 379.098 225.0348 267.9785 8.28878 9.281162 8.243969 8.169396 12.6066 20.41751 23.33496 16.19075 82.15629 124.5589 57.92284 73.82944
NT70S 11 385.9918 273.6412 225.6045 262.2821 19.91701 18.07331 10.083 10.48938 18.42362 13.41189 19.49738 19.39004 86.66425 63.21628 95.43331 80.18941
NT70S 18 382.4065 314.2188 168.8504 229 381.0477 9.35877 11.71597 6.377898 9.926518 10.31713 18.29935 14.3727 10.59496 19.86803 23.35128 101.0224 71.92257 61.54959 103.8619 104.2198
NT70S 32 232.0187 168.9863 253.8644 270.71 6.491758 6.168276 8.610583 7.929342 12.96685 16.28242 24.1592 21.41907 72.143 81.18514 96.77658 71.29799
NT70S 47 303.1171 269.6178 291.6185 314.7599 7.64203 6.624952 11.47941 12.0533 14.61576 15.69332 19.3397 19.4132 85.8801 79.33471 105.2816 86.42593
CNPAZ 4 232.6137 141.0352 265.2609 323.3517 9.229375 7.833273 10.55393 11.59692 9.167139 9.71809 15.90195 18.28608 82.76608 61.96348 114.1565 106.3423
CNPAZ 17 484.7127 338.0492 262.4459 293.8687 223.9228 68.72985 18.97346 14.94096 10.81772 7.132028 26.71768 13.42952 10.67771 15.07618 19.86994 160.9464 109.4534 69.48492 108.8243 56.31006
CNPAZ 31 166.0638 196.3065 233.241 279.3033 270.1992 7.833432 7.091258 10.13313 10.29462 9.369076 31.13748 23.81721 20.8458 17.52484 17.83354 69.7467 99.67321 128.1772 102.0386 90.22865
CNPAZ 41 254.6753 245.9416 246.7629 246.5559 9.571946 8.538502 12.26927 10.3195 11.8433 12.71455 14.74392 12.68205 110.4725 106.8406 122.0082 94.70752
CNP30S 9 322.1714 244.1102 153.4833 230.8898 394.8597 9.075641 8.417245 7.204407 7.725345 10.22752 15.6487 10.36152 10.10787 16.88746 22.76299 126.3146 70.99026 51.08454 87.66167 112.8902
CNP30S 14 606.4239 390.7589 216.1267 313.292 294.1181 24.94568 18.43598 13.89734 8.677647 9.772925 41.69805 17.17879 10.29209 15.69154 15.38145 362.2123 125.1066 79.53702 120.5822 100.2181
CNP30S 27 369.2638 281.9303 225.2789 283.1528 12.29679 9.199843 16.86499 11.65825 19.42788 12.02673 11.90481 15.40792 145.7199 91.10356 84.84146 102.7453
CNP30S 38 585.44 336.4922 255.6846 246.6663 325.85 16.28283 9.786053 9.171859 10.08002 11.96086 40.01654 13.15437 12.49182 14.45672 18.53655 305.3022 89.88578 80.7629 104.374 100.7469
CNP70S 8 386.163 283.0984 208.5289 343.2477 212.6728 8.553854 7.020381 7.152002 8.816244 6.845981 19.53806 11.76635 15.40658 19.52963 12.30423 119.4393 70.55573 71.57199 99.84452 58.26301
CNP70S 16 245.138 305.3104 160.7313 207.6973 237.0852 11.26063 10.93042 9.134427 8.185848 8.648912 14.49916 15.74645 14.77013 21.42846 18.93225 76.61226 82.89346 66.91436 98.9982 68.86602
CNP70S 29 411.5167 279.9392 152.7142 290.5019 305.0655 9.106771 8.693369 4.880598 11.45259 8.613453 21.56961 9.968661 8.957786 16.3796 16.40544 120.1245 59.38519 50.48412 82.67793 77.72244
CNP70S 42 308.27 366.3717 270.4042 270.4907 241.4649 7.241974 8.532419 6.803131 10.08449 7.561693 13.62945 16.46542 13.84226 17.65794 15.41092 81.69605 83.52584 71.26204 93.74687 76.73307
30NPKAZ 7 261.1182 143.0107 300.2906 259.6874 9.058089 7.843754 10.03829 7.820294 15.32862 16.23142 18.7612 15.70033 92.85706 69.00886 107.9718 82.9438
30NPKAZ 13 316.7983 202.8874 277.8379 307.1455 14.90247 7.487397 8.808793 7.71896 13.78366 8.751708 14.93232 16.69169 131.0438 63.84268 119.7581 117.9218
30NPKAZ 35 207.3067 176.48 261.0854 291.8049 8.254819 8.953254 8.647841 8.536006 11.62521 13.40096 17.56374 17.44521 87.20087 68.83068 108.9914 100.9164
30NPKAZ 43 257.524 358.4652 357.9851 305.3951 9.258907 12.27127 12.27523 10.25229 11.01222 22.87172 21.64501 16.95479 93.05852 188.3988 182.9891 131.1281
30NPK30S 1 228.621 404.052 251.5128 263.8595 224.345 11.77945 13.20291 10.99258 6.771553 5.099576 15.54569 20.55201 18.73506 20.04056 15.73927 76.62023 139.8402 60.15481 84.59106 64.09789
30NPK30S 19 261.2921 264.8035 141.6683 272.5182 44.80028 8.81002 7.207402 13.63587 22.23945 11.8275 14.16699 22.48307 102.4106 69.71466 56.05119 156.6881
30NPK30S 28 351.2102 282.8176 207.1016 264.1491 268.7669 11.1287 9.04037 8.080328 7.35128 7.038855 17.75866 12.76609 14.21695 20.75678 19.95518 144.0897 92.48125 76.4078 122.0766 88.73815
30NPK30S 39 200.9624 268.3187 302.9299 231.117 9.690074 10.4251 10.53605 8.138833 15.42849 16.90325 23.26175 10.80772 87.03826 107.4225 153.8797 80.0457
30NPK70S 5 522.852 380.395 343.1818 282.4435 249.0485 13.61608 8.790824 7.5967 5.497346 5.411588 35.15138 23.08193 21.44999 22.31362 18.97329 196.6624 110.9847 61.7454 103.1089 63.23933
30NPK70S 24 197.2647 141.2568 304.4144 350.6363 5.967565 6.556076 8.351271 12.79141 27.55629 24.78107 29.12511 25.23718 94.064 88.60543 114.2623 98.16018
30NPK70S 30 448.2485 401.6737 418.0767 301.1021 330.8774 10.15183 8.979829 8.303425 4.840124 5.437403 29.82753 32.01536 30.42585 25.4616 26.35167 166.8165 163.0964 111.6143 121.1636 105.3087
30NPK70S 37 403.7005 259.5152 125.642 236.7362 230.8818 8.897759 7.582966 4.158899 7.489877 7.124758 26.68949 22.70232 17.90919 25.43088 20.64661 139.076 80.60154 51.87983 89.78727 62.40472
30N+CAZ 10 176.0502 391.7003 410.641 297.2814 11.67462 17.73492 11.9414 10.95851 13.52736 27.42262 20.47828 19.30059 73.5776 214.175 155.92 86.95654
30N+CAZ 23 323.6168 410.2004 452.7904 355.5211 19.51832 18.39373 15.72229 12.47183 14.64786 25.634 29.6985 20.63714 104.8063 190.4655 231.3418 130.4095
30N+CAZ 26 216.1557 122.5687 253.418 289.349 7.745392 6.547093 6.235045 7.7743 11.29553 12.4096 18.30812 20.10252 94.68283 78.41506 83.78563 82.06129
30N+CAZ 40 492.5791 354.1449 316.2401 334.0234 14.75481 10.87728 8.144119 7.998628 29.64952 21.80074 18.14737 21.34014 255.0074 150.8158 108.8243 95.27682
30N+C30S 6 563.4991 319.5186 282.6942 341.2957 385.1036 16.37918 10.13601 9.689925 9.547982 9.108844 38.44214 15.57014 16.60454 26.93806 27.22306 323.4398 111.3804 95.34828 158.1771 148.8041
30N+C30S 15 381.2937 342.8086 539.6205 328.1174 245.8061 10.65286 13.54252 43.17554 13.88028 5.359067 15.83884 16.09447 38.83135 21.92453 15.74348 103.7784 95.44982 139.6176 123.7462 71.14691
30N+C30S 33 395.9402 267.1568 301.3515 285.0417 327.1261 12.95495 8.821833 26.74267 8.349781 10.38241 19.62109 10.97197 22.2998 19.76206 26.40955 158.9138 74.00672 146.0523 71.69345 101.7584
30N+C30S 46 360.8247 238.9081 286.4845 319.1279 371.843 13.59384 8.256295 9.568644 9.360204 9.689544 16.84231 13.03462 18.06635 20.53971 24.3058 132.3664 72.24238 93.62777 111.7945 98.73317
30N+C70S 12 525.0448 442.124 298.6999 258.3959 11.33796 11.72026 8.524146 7.925929 53.1622 32.55012 23.52745 19.49423 263.6593 150.5903 108.1371 74.53324
30N+C70S 20 369.0972 264.5764 125.8771 303.3992 334.5227 8.513831 8.911906 5.686145 7.585257 8.645945 17.24975 18.85419 18.86984 23.58172 31.09063 99.24067 58.60194 41.38322 101.3923 116.247
30N+C70S 25 262.7759 248.2436 241.3704 8.491075 7.279745 6.471359 29.32799 23.17984 21.37487 112.8936 81.74448 69.60482
30N+C70S 45 352.7298 350.3383 346.798 421.7762 9.10534 9.96992 8.136668 8.600397 22.52958 29.93043 30.07785 31.2969 108.0324 88.7901 130.5284 134.0041
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Table 9C. Winter leachate chloride, sulfate, and nitrate data 
 
Treatment Cl 3/1 Cl 3/16 Cl 3/29 Cl 4/5 Cl 4/10 SO4 3/1 SO4 3/16 SO4 3/29 SO4 4/5 SO4 4/10 NO3 3/1 NO3 3/16 NO3 3/29 NO3 4/5 NO3 4/10
mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L
NTAZ 3 126.1486 307.6781 324.2491 376.7018 141.0405 323.1358 175.3744 139.7866 0.528871 41.51364 2.731273
NTAZ 21 141.8313 107.355 350.6285 380.9329 146.3331 129.5343 127.1431 123.3515 1.082975 0.287457 1.545383 0.104153
NTAZ 34 306.6693 230.5328 514.8337 511.5171 376.6985 239.0717 227.8741 147.0755 25.28008 15.23526 23.23476 1.640466
NTAZ 48 122.7009 132.6803 347.9268 373.5266 195.7118 138.9441 117.9583 123.0228 0.441765 3.140769 0.602192 0.405656
NT30S 2 195.8139 385.4762 227.86 356.8004 429.1733 205.3206 361.7456 189.9552 119.8096 122.0026 9.948293 28.54095 3.301602 0.587221 0.192091
NT30S 22 174.3083 104.4804 403.0592 464.5468 130.1612 119.0067 114.9813 114.3952 1.669299 0.308316 6.457156 1.921947
NT30S 36 110.7207 528.0793 473.7245 476.1713 148.0253 229.34 142.3944 134.6005 0.283133 51.70638 9.137781 6.649052
NT30S 44 183.7406 457.9926 323.5235 381.4903 160.858 228.3899 110.9824 150.1781 2.47584 29.21264 0.774397 0.158782
NT70S 11 393.4104 240.6285 357.5496 406.8871 215.9403 149.3913 88.50036 101.7337 8.18763 8.913478 0.965178 0.755204
NT70S 18 318.5146 289.2688 149.2197 357.1952 583.5326 318.971 179.6706 125.573 108.5566 162.9886 17.50131 1.647354 0.658444 0.257931 0.590054
NT70S 32 208.4754 194.6951 408.5418 409.4698 143.0876 130.0312 96.32213 111.2381 2.207384 2.784054 1.263094 0.165686
NT70S 47 281.7828 297.6751 421.547 455.5835 197.328 154.0472 140.1514 157.8344 0.54705 3.025195 0.779955 0.294091
CNPAZ 4 184.8471 118.0961 358.3805 496.4215 167.5518 141.731 159.0138 142.4934 2.816291 1.512182 2.937495 3.590706
CNPAZ 17 480.171 281.7578 195.8545 379.1181 318.0491 431.5263 252.8018 220.7982 141.8244 111.8443 33.23105 5.100587 2.303913 1.261781 0.156037
CNPAZ 31 149.5727 174.0089 221.2693 398.9329 386.0427 318.971 208.7529 274.5105 122.723 133.6167 1.819372 12.14374 21.55785 2.326793 0.442401
CNPAZ 41 216.0548 213.6287 348.6515 358.4359 181.1527 214.2058 142.978 131.4547 3.908295 22.37927 1.344297 0.09351
CNP30S 9 255.1649 192.5495 130.2612 357.6582 603.0383 324.5981 181.5693 128.276 100.4306 168.5898 25.96505 1.1477 0.353206 0.168966 2.637478
CNP30S 14 553.3842 363.7905 183.4606 446.3622 420.9202 839.9608 326.6099 180.9261 148.5738 140.0698 107.9846 13.51815 1.602566 1.710112 0.160836
CNP30S 27 309.3804 210.7908 229.3588 369.9379 361.1565 236.9323 172.0698 114.388 38.21972 7.266279 6.92019 2.072711
CNP30S 38 516.1302 259.215 241.7163 354.3147 507.0628 792.2379 276.3437 205.5648 119.9646 133.9102 89.66248 5.049142 8.860451 0.447567 0.235724
CNP70S 8 314.8819 227.5491 246.5268 485.2479 303.2208 361.8129 153.4652 140.2177 160.2974 89.3951 28.72493 1.430209 1.018562 0.473332
CNP70S 16 203.1592 192.6467 136.155 341.5451 358.5242 155.3379 160.0357 134.3404 87.35133 101.3902 6.687048 3.935982 1.46571 0.346375 0.196133
CNP70S 29 319.6083 192.7595 100.1094 426.0048 426.025 384.447 160.2559 112.0183 100.6923 147.9297 30.98848 0.757165 1.061115 0.135576
CNP70S 42 222.7809 343.687 268.1859 379.8955 355.8132 215.9437 230.8441 187.6329 131.5087 114.1291 10.8826 5.84927 0.398903 0.479748 0.140696
30NPKAZ 7 206.8288 110.9988 480.3675 402.6159 236.3211 171.9706 119.8363 127.0784 14.61825 2.709493 1.997402 0.24448
30NPKAZ 13 229.0206 117.5176 379.3724 476.9943 343.147 212.4954 114.9489 156.3377 14.65585 7.120587 0.726403 1.375034
30NPKAZ 35 149.8762 155.5126 408.2707 446.0391 181.3496 166.04 115.3367 141.7371 2.031622 12.36619 0.902617 0.134953
30NPKAZ 43 209.084 393.7846 468.0687 461.7615 185.312 243.4466 222.297 178.9427 12.30525 90.06473 50.89847 7.987698
30NPK30S 1 226.7784 355.6758 263.498 421.3322 321.4695 129.0108 294.0434 196.398 91.3048 121.0723 4.836627 57.83806 15.48109 0.292563
30NPK30S 19 270.7367 222.1243 126.9037 411.8478 181.1125 136.3019 100.9621 122.0509 13.18587 16.8896 20.69434 40.06242
30NPK30S 28 304.7386 219.9528 188.5407 433.5641 419.3411 309.1209 216.9459 157.9145 118.1434 126.4461 38.40364 6.905759 22.39508 3.260082 0.385835
30NPK30S 39 155.7135 269.4216 468.5305 344.3661 146.5044 194.7963 123.3219 116.9587 13.33381 31.73301 34.34027 5.735701
30NPK70S 5 451.1402 359.1186 404.0297 418.5525 363.1256 398.326 178.2039 199.795 117.742 116.0602 101.0428 53.39357 7.302331 0.328424
30NPK70S 24 200.6031 173.1092 433.0169 486.7194 139.6348 104.6191 87.83104 133.2949 20.28084 24.89446 20.15768 36.92523
30NPK70S 30 394.7998 421.0589 474.9302 440.7665 519.194 396.0256 212.0846 233.1693 142.8247 137.4585 59.96986 80.67682 51.29288 0.535589
30NPK70S 37 337.0982 237.6425 106.0547 387.8096 348.6529 270.2103 135.8808 105.465 84.26191 104.8465 70.03865 34.97998 5.581626 2.627858 1.487845
30N+CAZ 10 141.3646 437.0406 483.834 417.3118 149.2911 232.7274 206.3668 176.3531 0.957062 118.8797 51.22254 11.84345
30N+CAZ 23 274.9723 475.0711 640.1688 529.6938 228.7907 250.9533 193.2308 188.8588 8.094155 90.80461 66.22787 12.37905
30N+CAZ 26 150.6783 107.9077 394.2084 416.1357 187.367 140.2636 77.91275 138.0442 5.902556 2.01133 0.5237 9.444273
30N+CAZ 40 480.7662 349.0648 411.5155 487.5211 442.6132 236.2338 141.863 182.822 100.7565 86.77274 4.543728 0.682624
30N+C30S 6 530.6094 249.6334 285.2939 529.5235 656.6221 729.3295 233.6211 236.491 198.3935 207.3752 105.9215 34.16684 20.59134 12.57939
30N+C30S 15 276.3509 285.4503 579.3085 553.3303 351.2739 316.8181 266.7914 447.5065 136.4784 136.8978 31.19738 18.21164 61.90602 2.474631
30N+C30S 33 325.5536 205.5526 330.9144 372.8744 519.7252 373.6448 171.7356 216.8062 81.04986 149.3729 42.49043 4.202233 47.06117 1.042524 0.429249
30N+C30S 46 288.8027 184.9762 290.595 457.6325 554.7743 331.5924 164.1595 218.2691 141.393 175.7787 37.16214 5.752621 27.51449 3.573626 0.506646
30N+C70S 12 667.5874 563.9501 422.3493 378.9959 210.4861 207.0678 128.5363 117.5581 114.7496 67.80251 12.87727 1.248633
30N+C70S 20 265.0135 222.5963 103.1172 405.6951 571.1399 294.454 136.4281 130.2538 105.9134 143.0575 29.40118 15.67887 1.603341 4.870155 0.14078
30N+C70S 25 239.7623 387.1714 356.0576 195.822 77.21675 113.1874 36.01257 0.154584 0.770697
30N+C70S 45 348.1419 420.5581 540.9278 699.3481 213.9149 216.0811 128.366 192.6403 32.00463 35.88204 3.393986 1.396134
